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ABSTRACT 


The  response  of  deep  reinforced  concrete  slabs  to  uniformly  distributed 
dynamic  loads  as  high  as  TOO  psi  vas  measured  and  compared  with  the  static 
behavior  of  companion  slabs.  Comparisons  between  theoretical  and  experi¬ 
mental  results  were  made. 

Experience  has  shown  that  one  of  the  major  difficulties  in  predicting  the 
static  behavior  of  reinforced  concrete  slabs  results  from  the  varying 
friction  between  the  slab  and  bearing  plate.  The  pressure  seals  and  seal 
devices  presented  the  primary  experimental  difficulty  and  made  it  impos¬ 
sible  to  yield  the  strongest  slabs. 
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1. 


INTRODUCTION 


Reinforced  concrete  structures  provide  unique  capabilities  for  hard¬ 
ening  protective  shelters  to  withstand  nuclear  attack.  This  is  particularly 
true  in  superhardened  shelters  for  strategic  facilities.  Such  concrete  struc¬ 
tures  have  favorable  strength  characteristics,  inherent  economy,  and  supply 
good  radiation  shielding. 

To  be  serviceable  as  protective  shelters,  reinforced  concrete  struc¬ 
tures  sometimes  must  be  "thick, 11  that  is,  the  thickness  must  be  an  appre¬ 
ciable  fraction  of  the  linear  dimensions.  Our  knowledge  of  the  strength  of 
such  "thick"  structures  is  less  than  that  for  similar  "thin"  structures  where 
the  structure  may  be  considered  as  a  membrane  or  a  "thin  plate."  Beams 
and  slabs  of  such  "thick"  proportions  are  called  "deep"  beams  and  slabs. 

Knowledge  of  deep  structural  member  behavior  was  so  limited  prior 
to  1957  that  the  Air  Force  undertook  an  investigation  of  deep  beams.  Litera¬ 
ture  surveys,  experiments  on  deep  concrete  and  steel  beams,  and  theories 
have  been  published.  1  “  7  The  results  of  the  research  on  deep  beams 
revealed  a  distinct  departure  from  normal  reinforced  concrete  beam  behav¬ 
ior.  The  most  distinctive  characteristic  of  the  deep  beam  was  its  behavior 
as  a  tied  arch.  The  dynamic  tests  revealed  that  triangular  load  pulses  with 
a  peak  intensity  of  at  least  twice  the  static  yield  load  did  not  reduce  the 
static  strength.^  The  rise  time  of  the  pulses  was  about  1.5  times  the 
natural  period  of  the  beam. 

Deep  beam  behavior  suggests  that  deep  slab  behavior  may  be  signifi¬ 
cantly  different  from  normal  slab  behavior.  This  and  the  absence  of  pre¬ 
vious  work  on  deep  slabs  prompted  the  initiation  of  an  experimental  pro¬ 
gram  to  determine  the  strength  characteristics  of  deep  slabs. 


M  anuscnpt  released  by  authors  March  1964  for  publication  as  an  Air  Force 
Weapon  Laboratory  Technical  Documentary  Report. 
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2.  PURPOSE  AND  SCOPE  OF  THE  INVESTIGATION 

The  purpose  of  this  investigation  was  to  determine  the  structural 
response  of  simply  supported  reinforced  concrete  deep  slabs  to  nuclear 
blast  generated  shock  wave  loading. 

The  scope  of  the  investigation  consisted  of: 

(1)  A  review  of  the  state-of-the-art  of  deep  beam  and  slab 
design. 

(2)  An  analytical  formulation  of  design  theories  and  techniques 
for  predicting  and  interpreting  the  experimental  results. 

(3)  Design,  fabrication,  and  instrumentation  of  deep  slab 
specimens  for  testing. 

(4)  Design  of  loading  ? ad  supporting  fixtures  to  accommodate 
the  slab  specimens  in  the  test  facility  in  a  manner  that 
best  simulates  simple  support  edge  conditions  and  laterally 
applied  uniform  loads. 

(5)  Tests  of  the  deep  slab  specimens  with  uniformly  distri¬ 
buted  static  and  dynamic  loads  applie«’  lati  rally  on  the 
slab  specimens. 

(6)  Evaluation  of  the  effects  on  the  overall  behavior  of  the  slab 
of  the  following  variables:  reinforcement  content,  com¬ 
pressive  reinforcement,  depth,  planform  shape  of  the  slab 
(square,  rectangular  and  circular  planforms),  and  edge 
supporting  conditions. 
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3. 


EXPERIMENTAL  DETAILS 


A.  Static  Test  Conditions 


The  static  tests  of  companion  specimens  were  conducted  to 
establish  the  static  strength  properties  of  deep  slabs  of  given  proportions. 
The  scope  of  the  experiments  had  been  restricted  to  simply  supported  edges 
and  uniform  lateral  loads. 

Simply  supported  edges  were  of  primary  interest  because  of 
the  unique  flexure  purity  they  impart  to  the  slab- -the  entire  slab  being  sub¬ 
jected  to  positive  moments  only.  While  such  purity  is  neither  practical  nor 
economical  in  the  field,  it  is  desirable  in  a  research  program. 

Even  pseudo- simple  support  was  undesirable.  Negative  edge 
moment  due  to  the  load  being  applied  to  the  edge  overhang  was  not  per¬ 
mitted.  The  edge  overhang  was  required  to  provide  sufficient  bearing  sur¬ 
face  on  the  concrete.  Frictional  reactive  forces  in  the  plane  of  this  bearing 
surface  induced  negative  edge  moments  because  the  friction  force  was 
eccentric  with  respect  to  the  slab.  Such  frictional  moments  were  undesir¬ 
able  but  unavoidable.  Since  the  movement  of  the  slab  varies  along  the  edge, 
friction  reducing  devices  were  too  complex  to  be  included  within  the  scope 
of  this  investigation.  Lubricated  plastic  sheets  between  the  slab  and  bear¬ 
ing  plate  were  reasonable  provisions  to  minimize  friction  for  this  investiga¬ 
tion.  Analytical  evaluation  o.  the  effect  of  the  frictional  moments  on  over¬ 
all  slab  behavior  was  also  a  reasonable  provision  for  this  investigation. 

To  avoid  the  effects  of  applied  axial  load- -that  is,  applied  load 
in  the  plane  of  the  slab--and  the  "beam-column"  effects,  the  uniform  load 
was  required  to  act  on  the  slab  only  within  the  planform  dimensions  of  the 
clear  span.  This  load  configuration  thus  avoided  loadacting  on  the  edge  over¬ 
hang.  The  effect  of  such  axial  load  on  the  overall  slab  behavior  had  been 
found  analytically  to  be  quite  severe,  as  shown  in  Appendix  B,  so  the  test 
conditions  had  been  established  accordingly. 

The  test  facility  that  provided  these  test  conditions,  as  well  as 
the  dynamic  test  conditions  described  later,  is  described  in  detail  in 
Appendix  A.  The  problems  encountered  in  the  development  and  use  of  the 
facility  are  described  in  some  detail  in  the  following  paragraphs. 

Fluid  pressure  produced  the  uniform  load  desired  in  a  satis¬ 
factory  manner  but  introduced  severe  pressure  seal  problems.  Holding  the 
pressure  off  the  edge  overhang  and  the  vertical  edge  face  was  a  severe 
requirement  since  (1)  sealing  directly  to  the  concrete  was  complicated  by 
large  surface  irregularities  inherent  in  the  concrete  and  by  the  porosity  of 
the  concrete,  (2)  the  hold-down  structure  could  not  be  made  rigid  enough  to 
prevent  some  relative  upward  translation  of  the  slab,  and  (3)  a  floating 
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seal  mechanism  bearing  on  the  slab  disturbed  the  uniform  pressure  con¬ 
dition. 


By  sealing  the  pressure  beneath  a  flexible  membrane,  as 
described  in  Appendix  A,  Figure  A4,  the  fluid  pressure  was  contained  so 
that  the  required  uniform  load  was  provided  and  the  three  complicating 
factors  above  were  eliminated.  This,  however,  introduced  the  following 
requirements  for  the  membrane;  (1)  flexibility  so  tha,.  all  the  pressure  was 
transferred  to  the  specimen,  (2)  ductility  so  that  the  membrane  could 
stretch  as  the  slab  flexed  and  translated  with  the  deformations  of  the  sup¬ 
porting  structure,  and  (3)  strength  so  the  membrane  could  span  the  gap 
along  the  edges  that  were  produced  as  the  slab  translated. 

In  order  to  seal  the  membrane  to  the  pressure  reservoir,  a 
bolting  frame  was  provided  that  held  the  membrane  edge  and  gripped  the 
O-ring.  The  planform  dimensions  of  this  frame  corresponded  to  those  of 
the  clear  span  so  as  to  confine  the  load  to  the  span  dimensions. 

The  space  between  the  specimen  and  the  membrane  inside  the 
bolting  frame  was  filled  with  flexible  spacers  or  fillers  to  reduce  the 
amount  of  membrane  stretch  required.  A  plywood  spacer  was  used  in  con¬ 
tact  with  the  slab  and  1 /2-inch  thick  neoprene  material  was  used  between 
the  membrane  and  the  plywood,  Figure  A4.  Recesses  were  provided  in  the 
plywood  to  prevent  contact  pressures  on  the  strain  gages  mounted  on  the 
concrete  surface.  In  addition,  the  plywood  filled  the  gap  that  opened  (under 
load)  above  the  bolting  frame  as  the  specimen  translated  upward  with  the 
deformation  of  the  supporting  structure.  As  the  slab  deflected,  the  rotation 
of  the  edge  of  the  plywood  opened  a  small  gap  between  it  and  the  bolting 
frame.  Since  the  neoprene  material  could  flow  horizontally  under  the  load 
rather  than  rotate  at  the  edge,  the  gap  that  opened  at  the  edge  of  the  ply¬ 
wood  was  filled. 

The  bolting  frame  carried  the  portion  of  the  applied  pressure 
that  acted  on  the  edge  of  the  membrane.  This  edge  width  was  the  distance 
between  the  O-ring  seal  and  where  the  membrane  made  contact  with  the 
spacers.  For  a  flexible  membrane  this  loaded  edge  width  was  about 
1/4  inch,  but  for  the  stiffer,  stronger  aluminum  membranes  this  width  was 
found  to  be  as  much  as  one  inch. 

B.  Dynamic  Test  Conditions 

The  dynamic  load  was  to  have  the  same  characteristics  as  the 
shock  wave  generated  by  the  detonation  of  a  nuclear  weapon.  Such  a  dynamic 
load  is  characterised  by  a  shock  front  followed  by  an  exponential  decay.  The 
time  required  for  the  pressure  to  rise  to  its  peak  magnitude  is  almost 
instantaneous.  The  decay  time  or  duration  of  the  shock  wave  is  1  to  2 
seconds,  depending  on  the  weapon  yield  and  the  distance  from  the  detonation. 
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The  test  facility  (Appendix  A)  was  designed  and  developed  t 
dynamically  load  slab  specimens  with  a  load  pulse  similar  to  the  shock 
wave  described  above.  The  peak  pressure  capability  was  to  approach 
Z000  psi.  The  time  for  the  pressure  to  rise  to  peak  magnitude  was  to  be 
as  short  as  possible,  and  the  duration  was  to  be  about  one  second.  All  t  < 
edge  conditions  and  load  conditions  discussed  previously  were  to  be  mai 
tained  during  the  pressure  rise  and  decay. 

With  two  pressure  reservoirs  to  seal,  the  pressure  sealing 
requirements  for  each  dynamic  test  became  more  complex.  The  lower 
reservoir  was  sealed  exactly  as  for  a  static  test.  The  upper  reservoir 
seal  requirements  were  similar  to  those  for  the  lower  reservoir.  The 
membranes  and  flexible  spacers  were  required  as  for  the  lower  seals. 
Relative  movement  of  the  slab  with  respect  to  its  sealing  surfaces  was  ac.».n 
encountered.  This  relative  movement  occurred  because  the  loaded  slal 
area  on  the  upper  side  was  larger  than  the  loaded  area  on  the  lower  side 
If  equal  pressures  were  applied,  the  net  downward  thrust  would  hold  the 
slab  down  while  the  vessel  supporting  structure  deflected  with  the  upwar  . 
thrust.  To  insure  a  net  upward  thrust  on  the  specimen  to  prevent  openii 
of  the  sealing  surfaces,  a  pressure  in  the  lower  reservoir  20  to  30  perc  ?.: 
higher  than  in  the  upper  reservoir  was  required. 

The  key  to  the  success  of  a  dynamic  loader  of  this  nature  i 
the  rapid  decay  of  the  upper  pressure;  therefore,  the  procedure  was  to  se 
the  upper  pressure  reservoir  with  restraining  diaphragm  that  was  thin 
enough  to  be  easily  and  rapidly  removed.  Ductile  mild  steel  diaphragm, 
were  loaded  extensively  into  the  plastic  behavior  region  to  obtain  high 
pressure  capacities  on  relatively  thin  diaphragm  materials.  Having  thu 
diaphragms  minimized  the  size  of  the  explosive  change  required  to  cut  *  • 
diaphragm  and  also  minimized  the  inertia  of  the  diaphragm  t  >  the  presi 
could  be  more  rapidly  released.  When  the  1 /4-inch  diaphragm  was  stra  d 
ho  extensively,  the  corners  would  rise  causing  a  space  to  develop  over  ' 
O-ring.  Furthermore,  the  membrane  tension  forces  were  very  large.  ** 
bolts  required  to  hold  the  pressure  seal  could  not  Carry  these  membran' 
forces.  The  horizontal  component  of  the  membrane  forces  had  to  be 
cat  ried  with  a  ay  .cm  of  lugs  and  machined  bars  that  fit  the  pivot  in  sue 
manner  that  aftei  detonation  the  edge  of  the  slab  would  be  free  to  rotate  d 
slip  with  respect  to  the  pivot.  Before  detonation  a  net  upward  thrust  fr< 
the  pressure  was  required  to  insure  the  secure  seating  of  this  mechanic 
otherwise,  the  cylindrical  seat  would  not  carry  the  horizontal  forces  but 
would  wedge  between  the  pivot  and  the  bearing  plate,  causing  bolt  failure 
and  thus  loss  of  pressure. 

C .  Test  Specimens 

The  structural  element  to  be  investigated  was  a  flat,  pnsnr  ic 
slab,  conventional  in  all  respects  except  the  span/depth  ratio.  Span/def 
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ratios  were  to  vary  from  the  very  deeply  proportioned  to  the  more  moder¬ 
ately  proportioned,  e.g.,  ratios  from  3  to  6.  Square,  rectangular  and 
round  configurations  were  of  interest.  The  effect  of  amount  of  steel  rein¬ 
forcement  was  to  be  evaluated  so  steel  percentages  of  1/2  percent,  1  per¬ 
cent,  and  1-1/2  percent  were  to  be  included.  Compressive  steel  of  1/2  per 
cent  was  provided  in  most  specimens  to  evaluate  its  effect.  Of  course, 
conventional  design,  fabrication,  cure  and  testing  procedures  were  to  be 
maintained.  The  specimen  schedule  for  the  above  parameters  is  shown  in 
Table  I. 


All  the  slabs  were  cast  with  a  commercially  available  con¬ 
crete  mix  proportioned  to  have  a  strength  of  5000  psi.  An  aggregate  size 
of  3/8  inch  was  used  because  of  the  minimum  cover  of  1/2  inch  on  the 
reinforcement.  Intermediate  grade  steel  bars  with  standard  hooks  for 
anchorage  were  used. 

Standard  procedures  of  the  ACI  code  were  followed  for  taking 
test  cylinder  samples  and  for  casting  the  specimens.  Since  these  slabs 
weighed  up  to  3200  pounds,  they  were  cured  outdoors  under  a  sprinkler 
system.  Care  was  exercised  to  cure  the  test  cylinders  in  the  same 
fashion  the  slabs  were  cured.  Specimen  geometry  is  summarized  in 
Table  II. 


1 .  Square  Specimens 

The  square  slabs  had  outside  dimensions  of  45  by  45 
inches.  The  bearing  plates  were  6  inches  wide.  The  pivot  supports  were 
centered  on  the  bearing  plates  so  the  clear  span  was  39  by  39  inches. 

Slab  thicknesses  of  8,  11,  and  15-1/4  inches  were 
chosen  to  give  the  desired  range  of  span/depth  ratio.  Three  specimens, 
Slabs  1,  6  and  7,  see  Figures  1,  2  and  3,  were  designed  to  study  the 
effect  of  span/depth  in  that  all  had  the  same  reinforcement  content. 

Specimens  1,  2  and  3  (Fig.  1)  were  identical  except  for 
the  amount  of  tensile  reinforcement  which  varied  from  0.5  to  1.5  percent. 
Results  of  tests  of  these  specimens  were  to  give  information  on  the  effect 
of  the  amount  of  tensile  reinforcement  on  the  strength  and  other  properties. 

Specimens  4  and  5  were  the  same  as  Specimens  1  and  2 
except  that  no  compressive  reinforcement  was  used.  These  tests  were 
designed  to  investigate  the  effects  of  compressive  reinforcement.  Speci¬ 
mens  4  and  5  are  illustrated  in  Figure  1 . 

Both  the  tensile  and  compressive  reinforcements  were 
composed  of  two  layers  of  bars  which  formed  a  square  mesh  with  the  bars 
running  parallel  to  the  edges  of  the  slabs.  The  bars  were  equally  spaced 
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FIGURE  1.  DETAILS  OF  SPECIMENS  1  THROUGH  5  AND  9 
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FIGURE  3.  DETAILS  OF  SPECIMENS  7  AND  10 


in  both  directions  over  the  entire  slab.  For  each  set  of  bars,  the  central 
bar  was  placed  on  the  midspan  line.  Parallel  bars  of  the  tensile  and  com* 
pressive  reinforcement  were  either  both  on  the  top  layers  of  their  meshes 
or  both  on  the  bottom  layers  so  that  the  distance  between  the  tensile  and 
compressive  reinforcement  was  the  same  for  each  set  of  parallel  bars.  In 
the  analysis  (Appendix  B)  the  properties  of  the  beam  strips  in  each  direction 
are  assumed  to  be  the  same,  i.e. ,  equal  to  an  average  beam  strip  with 
reinforcement  at  the  centroidal  plane  of  the  actual  orthogonal  systems.  The 
centroidal  plane  was  the  plane  of  contact  of  the  two  orthogonal  systems  of 
bars. 


To  give  a  secure  anchorage,  standard  hooks  were  speci¬ 
fied  for  both  ends  of  each  bar  of  the  reinforcement.  From  the  experience 
with  deep  beams,  it  seemed  advisable  to  provide  enough  bond  strength  in 
the  anchorage  to  develop  the  full  strength  of  the  bars.  This  has  been  done 
without  exceeding  a  bond  stress  of  0. 19  fg,  which  is  considered  to  be  safe. 
Edge  details  are  shown  in  Figures  1,  2,  and  3. 

For  the  dynamic  tests,  companion  specimens  were 
cast.  Slabs  17,  18,  20,  19  and  15  were  dynamic  companions,  respectively, 
to  static  specimens  numbered  1,  4,  5,  6  and  7,  as  shown  in  Table  I.  The 
results  of  these  tests  are  discussed  later. 

2.  Rectangular  Specimens 

To  fit  the  square  structure  and  the  square  hole  in  the 
lid  of  the  test  facility,  rectangular  dimensions  of  35  in.  by  48  in.  for  the 
span  were  required.  Overall  dimensions  of  45  in.  by  54  in.  were  used  for 
fabrication  convenience.  Obviously,  the  slab  edge  overhangs  ths  6-inch 
wide  bearing  plates.  The  aspect  ratio,  width  /length,  was  taken  as  35/48 
or  0.729.  Test  facility  dimensions  dictated  the  use  of  slab  thicknesses  of 
8,  11,  and  15-1  /2  inches. 

All  the  rectangular  specimens,  Numbers  8,  9  and  10 
as  illustrated  in  Figures  1,  2  and  3,  had  the  same  percentage  of  reinforce¬ 
ment  as  square  Specimens  1,  6  and  7. 

Following  the  practice  of  the  ACI  Code  and  the  US  Army 
Corps  of  Engineers,  the  reinforcement  in  the  long  direction  was  propor¬ 
tioned  according  to  the  moment  requirement.  For  an  aspect  ratio  of  0.729, 
the  moment  in  the  long  direction  was  0.53  of  the  moment  in  the  short 
direction.  The  reinforcement  percentage  in  the  long  direction  was,  there¬ 
fore,  reduced  to  half  that  in  the  short  direction,  as  can  be  seen  in  Table  II. 

In  all  other  respects,  the  rectangular  specimens  were 
designed  like  the  square  specimen,  i.e.,  standard  hooks,  intermediate 
grade  steel,  5000-psi  ready  mix,  3/8- inch  aggregate,  etc.  Specimens 
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numbered  23,  22  and  21  were  the  dynamic  companions  to  static  specimens 
numbered  8,  9  and  10,  respectively,  as  shown  in  Table  I.  The  results  of 
these  tests  are  discussed  later. 

3.  Round  Specimens 

A  round  slab  having  a  clear  span  of  48  inches  was 
selected  since  this  was  optimum  for  the  test  facility.  A  56-inch  outside 
diameter  slab  provided  a  one-inch  overhang  on  the  6-inch-wide  bearing 
plate.  A  slab  thickness  of  14  inches  and  effective  depth  of  12.25  inches 
was  selected  to  give  a  span  to  depth  ratio  of  3.91. 

The  orthogonal  reinforcement  layout  for  the  square 
slabs  would  not  be  isotropic  in  the  round  slabs  so  the  "three-way"  rein¬ 
forcement  layout  shown  in  Figure  4  was  used.  Such  a  reinforcement  lay¬ 
out  requires  in  each  of  the  three  directions  2/3  of  the  reinforcement 
required  in  a  two-way  or  orthogonal  system.  Therefore,  the  steel  bar  sizes 
and  spacings  were  selected  to  provide  two-thirds  of  the  percentages  used  in 
the  computations  as  shown  in  Tables  I  and  II. 

In  all  other  respects,  the  round  specimens  were  like  the 
square  and  retangular  specimens. 

D.  Instrumentation 


Measurements  of  load,  strain  and  deflection  were  to  be  taken. 
The  instrumentation  for  these  measurements  was  distinctly  different  for  the 
static  and  dynamic  tests. 

1.  Static  Instrumentation 


The  load  was  measured  by  reading  the  static  pressure  on 
the  reservoir  with  a  standard  helicoid  gage.  The  accuracy  was  at  least 
1  percent. 


Deflections  were  measured  with  five  standard  dial  indi¬ 
cators.  The  accuracy  of  the  dials  is  0.001  inch.  The  location  of  dials  for 
ail  the  tests  is  shown  in  Figure  5. 

Strain  measurements  were  generally  taken  (1)  on  the 
tensile  and  compressive  reinforcement,  (2)  on  the  compressive  surface 
of  the  concrete,  and  (3)  within  the  concrete  with  embedment  gages.  Con¬ 
ventional  SR-4  type  gages  with  1  /2-inch  gage  length  were  used  for  the  steel 
and  concrete  surface  strains,  and  a  valore  brass  envelope  type  embedment 
gage  was  used  for  the  concrete  strains  beneath  the  surface.  These  gages 
are  generally  accurate  to  20  microinches/inch. 
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FIGURE  4.  THREE-WAY  REINFORCEMENT  LAYOUT  FOR 
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Gage  locations  on  the  reinforcement  generally  followed 
the  pattern  shown  in  Figure  6.  In  a  few  cases,  additional  gages  were  used 
as  indicated  on  the  figures. 

The  surface  gage  and  the  embedment  gage  were  generally 
located  only  at  midspan  with  the  depth  of  the  embedment  gage  1/4  inch  from 
the  compressive  steel.  Additional  off-center  gages  were  used  occasionally 
as  indicated. 


2 .  Dynamic  Instrumentation 

Oscilloscope  recording  of  the  time  histories  of  the 
pressure,  strain  and  deflection  was  the  basic  instrumentation. 

Since  midspan  deflection  and  tensile  steel  strain  were 
of  prime  importance,  measurements  of  these  quantities  were  made.  The 
deflection  transducer  was  a  Linear  '.'ariabie  Differential  Transformer 
mounted  within  the  lower  pressure  reservoir.  The  accuracy  of  this  deflec- 
tometer  was  0.01  inch  and  the  full  range  was  2-1/4  inches. 

The  specimen  load  was  determined  by  the  net  pressure 
between  the  two  opposing  pressure  reservoirs  (Appendix  A).  The  pressure¬ 
time  histories  of  both  reservoirs  were  separately  measured  so  the  net 
pressure  could  be  determined. 

A  Photocon  transducer  and  amplifier  system  was  i  ed 
to  display  the  calibrated  pressure  signal  on  the  oscilloscope.  This  system 
has  a  response  time  of  0.007  millisecond  and  is  accurate  to  better  than 
1  percent. 


The  transducer  locations  in  each  reservoir  were  such  as 
to  minimize  inaccuracies  and  time  lags. 

The  pressure  transducer  signals  were  displayed  on 
Tektronix  502  dual  beam  oscilloscopes.  The  measurements  were  recorded 
with  DuMont  Type  302  Polaroid  cameras.  The  optical  distortion  of  the  lens 
and  time  response  of  scope  were  adequate  for  these  measurements. 

Time  synchronization  between  the  scope  trigger  and 
detonation  of  the  explosive  was  accomplished  with  a  cam  timer  device 
equipped  with  relays,  safety  switches,  etc.  At  first  the  scope  was  triggered 
at  the  same  time  the  explosive  was  detonated.  However,  on  the  slower 
sweep  rates,  this  procedure  was  not  adequate  so  the  timer  was  set  to  pre- 
tngger  the  scopes. 
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E.  Test  Procedure 


For  the  static  tests,  the  reservoir  beneath  the  slab  was  pres¬ 
surized  in  steps  and  the  pressure  held  while  the  strain  gages  were  read 
and  the  dial  readings  were  recorded. 

For  the  dynamic  tests,  the  strains,  deflections,  and  pressures 
were  continuously  recorded  on  Tektronix  502  oscilloscopes.  The  procedure 
was  to  pressurize  both  reservoirs  above  and  below  the  specimen  while 
monitoring  the  scopes.  At  a  predetermined  pressure  level,  the  pressure 
was  held  constant,  while  the  oscilloscopes,  cameras,  and  safety  devices 
were  readied.  The  cam  timer  was  then  activated.  The  timer  executed  the 
preset  program  of  triggering  the  scope,  detonating  the  prepositioned 
linear-shaped  charge  explosive  and  opening  the  solenoid  valves.  The  test 
records  were  contained  entirely  on  the  oscilloscope  camera  films. 

It  later  developed  (Section  5)  that  valves  excessively  restricted 
the  draining  of  the  lower  reservoir;  therefore,  a  2-inch  diameter  blow-off 
disc  was  substituted  for  the  valves.  The  disc  was  blown  with  sheet  explo¬ 
sives  detonated  at  the  same  time  that  the  linear-shaped  charge  was 
detonated. 
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4. 


DISCUSSION  OF  THE  RESULTS  OF  STATIC  TESTS 


The  results  of  each  static  test  are  presented  in  the  form  of 
(1)  observed  pressure-midspan  deflection  diagrams  superimposed  on 
predicted  diagrams,  (2)  pressure-strain  plots  of  observed  strains,  and 
(3)  observed  deflections  plotted  to  show  profiles  of  the  tensile  surface  of 
the  slab  at  several  pressures.  These  graphs  are  shown  in  Figures  7 
through  36. 


All  the  tests  were  conducted  to  the  highest  pressure  that  could  be 
carried  by  the  membrane  seals  as  previously  discussed.  As  the  mem¬ 
branes  and  seals  were  improved,  greater  pressures  and  deflections  were 
achieved.  When  the  seal  failed  during  the  seal  development  stage,  retests 
of  the  specimens  involved  were  later  conducted.  Results  of  these  retests 
can  be  seen  on  Figures  10,  13  and  l6. 

A.  Slab  7 


The  First  Test  was  a  static  loading  of  Specimen  No.  7  {Slab  7) 
which  was  an  8-inch  deep  square  slab  (span-depth  ratio  of  6.00)  that  con¬ 
tained  one  percent  tensile  and  one-half  percent  compressive  reinforcement. 
This  specimen  was  mounted  and  partially  loaded  several  times  while  the 
seals,  membranes,  and  spacers  were  perfected.  The  loading  data  are 
shown  in  Figures  7»  8,  and  9i  however,  the  test  was  conducted  without 
the  use  of  friction  reducing  material  or  lubrication  ?*t  the  supports. 

The  concrete  cylinder  strength  f^.  of  5200  psi  (Table  III)  was 
higher  than  the  4Q00  psi  that  had  been  assumed  in  the  preliminary  com¬ 
putations.  The  use  of  the  correct  concrete  strength  of  5200  psi  in  the 
equations  (Appendix  B)  did  not  change  the  predicted  "yield"  pressure  (that 
pressure  required  to  cause  yielding  of  the  midspan  tensile  reinforcement). 
The  increase  in  concrete  strength  did  increase  the  predicted  "ultimate" 
pressure  since  that  is  the  pressure  required  to  crush  the  concrete  at  mid¬ 
span  of  the  slab.  Furthermore,  the  increase  in  concrete  strength  increased 
the  predicted  "ultimate"  midspan  deflection  since  such  deflection  is  a  func¬ 
tion  of  ultimate  concrete  strain.  The  increase  in  predicted  ultimate  pres¬ 
sure  and  deflection  was  essentially  linear,  i.e. ,  a  linear  extension  of  the 
"plastic"  portion  of  the  pressure-deflection  diagram.  The  predicted 
response  using  both  concrete  strengths  and  a  friction  coefficient  p  of  0.05 

are  shown  in  Figure  7. 

At  this  point  in  the  investigation  a  review  of  the  analysis  was 
made  because  the  experimental  response  showed  considerably  greater 
strength  than  had  been  predicted.  This  reanalysis  revealed  that  the  clear 
span  area  of  the  slab  was  not  completely  loaded,  i.e.  ,  the  load  area  was 
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TABLE  IU.  CONCRETE  STRENGTHS  AND  AGES 


Depth 

Cylinder  Tests 

Slab  '■ 

ests 

Slab 

No. 

d, 

inches 

Shape 

P»* 

Age, 

days 

Age, 

days 

q  Max. , 
Pti 

6  Max. , 
inches 

1 

9.25 

Square 

4000 

55 

49 

1000 

0.8 

2 

9.25 

Square 

5400 

53 

44 

850 

1.2 

3 

9.25 

Square 

5400 

35 

nn 

1200 

0.23 

4 

9.25 

Square 

4700 

59 

40 

920 

1.08 

5 

9.25 

Square 

4700 

59 

48 

875 

2.25 

6 

13.25 

Square 

4700 

168 

107 

1400 

0.  17 

7 

6.50 

Square 

5200 

14 

34 

670 

0.86 

8 

13.25 

Rectangular 

9 

9.25 

Rectangular 

3000 

11 

20 

775 

1.0 

10 

9.25 

Rectangular 

6400 

79 

57 

575 

2.2 

11 

12.00 

Round 

5000 

126 

126 

700 

0.19 

15 

6.50 

Square 

5900 

93 

114 

575 

1.5 

16 

6.50 

Square 

5400 

84 

97 

17 

9.25 

Square 

6400 

126 

129 

690 

0.2 

18 

9.25 

Square 

6400 

126 

140 

660 

0.4 

19 

13.25 

Square 

20 

9.25 

Square 

5400 

35 

46 

600 

- 
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36  inches  by  36  inches,  whereas  the  clear  span  dimensions  were  39  inches 
by  39  inches.  In  addition,  the  reinforcement  extended  beyond  the  clear 
span,  i.e. ,  the  reinforcement  bars  were  spaced  over  a  width  42  inches 
by  42  inches.  Both  of  these  factors  caused  an  increase  in  the  predicted 
yield  and  ultimate  pressures,  as  shown  in  Appendix  B,  Section  C7.  This 
increase  has  been  included  in  all  the  predicted  slab  responses. 

To  evaluate  experimentally  the  effects  of  friction,  a  simple 
test  was  conducted.  The  horizontal  force  required  to  slide  a  50-pound 
steel  weight  on  the  concrete  surface  of  the  specimens  was  measured  with 
a  dynamometer.  The  horizontal  force  varied  from  0.4  to  0. 5  of  the  normal 
force.  With  lubricated  plastic  sheets  under  the  weight,  the  horizontal  force 
was  about  0.3  of  the  normal  force.  The  friction  coefficient  should  be  inde¬ 
pendent  of  the  normal  force  but  only  insofar  as  the  contact  surface  is  inde¬ 
pendent  of  the  normal  force.  The  bearing  stress  under  the  weight  was  less 
than  one  psi,  whereas  bearing  stresses  of  0.  19  fj»  or  about  1000  psi  were 
allowable.  There  were  no  means  available  for  measuring  friction  coefficients 
under  such  high  normal  loads.  One  fact  was  clear,  the  actual  coefficient 
was  greater  than  the  0.05  that  had  been  assumed  in  the  preliminary  com¬ 
putations  . 


An  analytical  evaluation  of  the  effects  of  friction  on  overall 
slab  behavior  was  made  by  computing  the  yield  and  ultimate  pressures  and 
deflections  for  several  values  of  the  coefficient  of  friction.  These  pre¬ 
dicted  responses  for  Slab  7  are  shown  in  Figure  7  .  It  can  be  seen  that  the 
coefficient  of  0.3  gives  close  correlation  between  the  theoretical  and  the 
experimental  results.  Since  the  plastic  sheets  had  been  omitted,  a  rela¬ 
tively  large  coefficient  of  friction  is  reasonable.  It  is  clear  that  such  close 
correlation  does  not  fully  corroborate  the  theory.  The  data  do,  however, 
illustrate  the  significant  effect  on  slab  behavior  of  forces  in  the  plane  of  the 
slab,  such  as  friction  forces. 

The  onset  of  yielding  near  midspan  at  a  pressure  of  480  psi 
and  at  midspan  at  500  psi  is  shown  in  the  observed  strain  data  (Figure  8) . 
The  progression  of  the  yield  front  toward  the  edges  was  also  measured.  At 
the  corner  the  strain  gage  indicated  tensile  yielding  at  460  psi,  prior  to 
midspan  yielding.  Strains  at  the  quarter  point  of  the  diagonal,  gage  T^. 
were  higher  than  the  corner  strains  up  to  420  psi.  but  not  thereafter.  The 
cause  of  the  early  yielding  at  the  corner  was  not  immediately  apparent.  The 
midspan  deflection  diagram  showed  an  increasing  rate  of  deflection  beyond 
350  psi,  indicating  yielding  somewhere  in  the  slab.  For  concrete,  non¬ 
uniformity  of  moments,  bond,  bar  placement,  etc.  ,  could  easily  have 
caused  higher  stresses  in  the  reinforcement  at  locations  other  than  where 
the  strain  gages  were  positioned.  Of  the  two  orthogonal  grids  of  tensile 
bars  the  deepest  grid  contained  the  strain  gages,  therefore  the  depth  of  the 
grid  cannot  be  the  cause  of  this  anomaly  of  apparent  slab  yielding  prior  to 
measured  yield  strains. 
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The  embedment  strains  were  compressive  until  the  slab 
yielded  and  the  neutral  axis  moved  up  to  the  gage,  then  the  gage  did  not 
show  additional  strains.  The  deflections  on  the  diagonal  were  measured 
(Figure  9)  along  with  the  deflections  along  the  centerline.  The  sharp 
change  in  slope  at  midspan  is  apparent.  In  the  later  tests  it  was  much  more 
pronounced. 

B.  Slab  4 


The  Second  Test  was  a  static  loading  of  Slab  4  which  was  an 
11 -inch  deep  slab  (span-depth  ratio  of  4.22).  Slab  4,  like  Slab  7,  had  one 
percent  tensile  reinforcement  but  had  no  compressive  reinforcement.  The 
test  data  are  shown  in  Figures  10(  11  and  12.  The  observed  pressure- 
deflection  diagram  (Figure  10)  shows  some  initial  nonlinearity  which  is 
attributed  to  mechanical  slack  and  mismatch  in  the  bearing  surfaces.  At 
higher  loads  Slab  4  behaved  linearly,  but  the  deflections  were  twice  the 
predicted  deflections.  Yield  in  the  slab  occurred  and  a  0.3-inch  deflection 
at  midspan  was  noted  when  the  pressure  seal  failed  at  900  psi. 

When  this  slab  was  retested  after  Slabs  5  and  2  were  tested 
and  retested,  new  bearing  plates  free  to  rotate  at  the  corners  were  installed 
in  place  of  the  bearing  plate  "frame"  that  had  been  welded  at  the  corners. 
The  torsional  strength  of  the  frame  had  imparted  additional  negative  edge 
moments  on  the  slab,  causing  higher  pressures  to  be  required  to  yield 
Slab  4  on  the  first  loading.  These  torsional  edge  moments  have  been  quan¬ 
titatively  analyzed  in  Appendix  B,  Section  C8.  The  effect  of  the  torsional 
restraint  on  the  overall  slab  behavior  is  shown  in  Figure  10. 

The  reload  diagram  shows  a  flat  slope  after  yielding,  which  is 
not  pure  flexural  behavior  of  the  slab.  A  supporting  fixture  was  yielding, 
thus  allowing  upward  translation  of  the  slab  with  increasing  load.  Actually, 
a  total  midspan  movement  of  1.81  inches  was  records.!  but  was  not  plotted 
because  that  portion  of  the  diagram  would  have  beeu  horizontal  and  would 
have  been  misleading. 

The  observed  strains  are  shown  tn  Figure  11.  The  onset  of 
yielding  was  measured  both  in  the  tensile  reinforcement  and  in  the  concrete 
as  measured  by  the  embedment  gage.  The  low  compressive  strains  on  the 
concrete  surface  do  not  correlate  with  the  data  from  the  embedment  gage 
and  are  believed  to  be  incorrect.  The  yielding  at  the  quarter  point  prior  to 
midspan  is  attributed  to  nonuniform  slab  properties. 

The  deflected  profile  (Figure  12)  of  the  tensile  surface  is  for 
the  first  load  case  only  because  the  reload  deflection  measurements  con¬ 
tained  translation  components  of  unknown  magnitude.  This  profile  shows 
the  sharp  change  in  slope  at  midspan  at  the  higher  pressures.  For  the  load 
range  shown  on  this  profile,  it  is  observed  that  the  deflections  along  the 


22 


diagonal  were  about  the  same  as  the  deflections  along  the  centerline.  The 
expected  deflection  behavior  aa  described  in  the  yield  line  analysis  in 
Appendix  B  was  due  primarily  to  rotation  about  diagonal  bend  lines.  Theo- 
rectically,  deflections  due  to  rotation  of  the  triangular  quarter -pieces  would 
be  the  same  along  lines  parallel  to  the  edges.  Thus,  the  deflections  along 
the  diagonal  would  be  exactly  the  same  as  the  corresponding  deflections  along 
the  centerline.  The  elasticity  of  the  slab  prior  to  formation  of  the  diagonal 
bend  lines  generally  gives  some  deflections  along  the  centerline  that  are 
larger  than  the  corresponding  deflections  along  the  diagonal,  such  as 
observed  in  the  Slab  7  profile. 

C.  Slab  5 


The  Third  Test  was  a  static  loading  of  Slab  5  using  the  bearing 
plate  frame  described  above.  Slab  5  was  also  11  inches  deep  but  contained 
only  a  half  percent  of  tensile  reinforcement  and  no  coopressive  reinforce¬ 
ment.  The  test  data  are  shown  in  Figures  13,  and  15.  The  initial  non¬ 
linear  deflection  diagram  is  attributed  to  mechanical  slack.  The  linear 
behavior  up  to  onset  of  yielding  of  the  tensile  reinforcement  was  the  expected 
typical  behavior  except  that  the  magnitude  of  the  deflection  was  more  than 
twice  the  predicted  deflection,  as  for  Slab  4.  Typical  strains  have  been 
superimposed  on  the  deflection  diagram  (Figure  13)  to  illustrate  the  onset 
cf  yielding  and  the  progression  of  the  yield  front  toward  the  edge.  At  500 
psi  and  0.23  inch  of  midspan  deflection  the  seal  was  lost. 

The  slab  was  later  retested  and  the  reload  deflections  have 
been  superimposed  on  the  first  load  permanent  set  to  illustrate  the  reload 
deflection  behavior.  The  reload  strain  behavior  is  also  shown  in  Figure  14. 

The  observed  pressure-deflection  diagram  compares  fairly 
well  with  theoretical  predictions.  The  steep  slope  of  the  observed  diagram 
between  yield  and  ultimate  is  probably  caused  by  the  torsional  resistance  of 
the  bearing  plate  frame.  However,  there  may  be  tensile  membrane  action 
contributing  to  the  behavior**,  as  discussed  later. 

The  magnitude  of  the  compressive  strains  at  the  concrete  sur¬ 
face  and  beneath  the  surface  where  the  embedment  gage  was  located  have 
been  plotted  versus  slab  depth  (Figure  14  insert).  This  plot  shows  the  dis¬ 
tribution  of  concrete  strains  and  illustrates  the  movement  of  the  neutral 
axis  from  the  computed  depth  (2.38  inches)  to  a  depth  less  than  one  inch. 
Reload  strains  show  that  the  depth  of  neutral  axis  continued  to  decrease 
with  increase  in  pressure  beyond  5G*>  psi.  At  540  psi  the  embedment  strains 
became  tensile,  indicating  that  the  neutral  axis  had  moved  across  the 
embedment  gage  to  a  more  shallow  depth. 

The  deflected  profile  of  the  tensile  surface  (Figure  15)  is  the 
reload  profile.  As  in  the  previous  profiles,  the  rotation  at  midspan  is 
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evidenced  by  the  sharp  change  in  slope  at  midspan  shown  in  the  profile.  The 
deflections  along  the  diagonal  were  generally  80  percent  of  the  deflections 
along  the  centerline  which  indicated  that  the  diagonal  bend  lines  mode  of 
deflection  did  not  predominate  in  the  deflection  behavior  of  Slab  5. 

D.  Slab  2 


The  Fourth  Test  was  a  static  loading  of  Slab  2  which  was 
11  inches  deep  (span-depth  ratio  of  4.22)  and  contained  a  half  percent  of 
tensile  and  compressive  reinforcement.  The  observed  data  are  shown  in 
Figures  16,  17  and  18.  This  loading  and  the  later  reloading  were  con¬ 
ducted  with  the  bearing  plate  frame  as  previously  described. 

The  load- deflection  diagram  (Figure  l6)  shows  the  initial 
mechanical  slack  as  in  the  previous  tests  and  also  shows  deflections  at 
least  twice  as  large  as  predicted.  The  reload  diagram  is  linear,  but  the 
slope  of  the  elastic  portion  is  significantly  less  steep  than  the  slope  of  pre¬ 
dicted  deflection  diagram.  This  indicates  that  the  predicted  yield  deflec¬ 
tion  is  too  low. 

The  reload  behavior  was  different  from  the  first  load  behavior. 
The  pressure  required  to  yield  the  slab  was  20  percent  higher  when  reloaded 
than  when  first  loaded.  This  apparent  increase  in  strength  can  be  attributed 
to  an  increase  in  friction  coefficient. 

The  slope  of  the  "plastic"  portion  of  the  observed  diagram  is 
very  similar  to  that  of  Slab  5.  The  torsional  resistance  of  the  bearing  plate 
frame  probably  caused  such  a  steep  slope. 

The  strain  behavior  (Figure  17)  of  Slab  2  was  typical.  This 
behavior  indicated  yielding  of  the  tensile  reinforcement  at  or  near  midspan 
followed  by  progression  of  the  yield  front  to  the  edges  and  corners. 

Inelastic  behavior  of  the  concrete  also  contributed  to  this  typical  slab 
behavior. 


The  deflected  profile  of  the  tensile  surface  (Figure  18)  is  the 
reload  profile  and  is  similar  to  those  previously  obtained.  At  the  highest 
pressure  the  deflections  on  the  diagonal  were  90  percent  of  the  deflections 
on  the  centerline.  This  indicates  that  the  piece-wise  mode  of  deflection 
was  becoming  predominate. 

C.  Slab  1 


The  Fifth  Test  was  a  static  loading  of  Slab  1  which  was  an 
11 -inch  deep  square  slab  (span- depth  ratio  of  4.22)  containing  one  percent 
tensile  and  half  percent  compressive  reinforcement.  This  test  and  all 
subsequent  tests  were  conducted  with  bearing  plates  free  to  rotate  at  the 
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corners  to  avoid  the  edge  moments  induced  by  the  torsional  resistance  of 
the  bearing  plate  frame.  The  nuts  were  tightened  more  than  previously  to 
remove  all  the  mechanical  slack. 

The  observed  load-deflection  behavior  (Figure  19 )was  quite 
linear  up  to  500  psi.  The  inelastic  behavior  from  500  psi  to  850  psi  was 
typical  of  transition  behavior  from  fully  elastic  to  fully  plastic  behavior. 

For  correlation  purposes,  the  midspan  tensile  and  compressive 
strains  have  been  superimposed  on  the  deflection  diagram.  The  inelastic 
concrete  strain  behavior  coincided  with  the  inelastic  slab  deflection  behavior 
which  occurred  prior  to  observed  yielding  of  the  tensile  reinforcement.  This 
inelastic  behavior  also  occurred  in  Slabs  7  and  4. 

The  predicted  deflections,  as  in  previous  tests,  were  about 
half  the  magnitude  of  the  observed  deflections.  The  effect  of  friction  on  the 
predicted  deflections  has  been  determined  using  different  coefficients  of 
friction  in  the  equations.  This  same  procedure  was  used  onSlab  7  which 
was  an  8-inch  deep  slab  containing  the  same  reinforcement  as  Slab  1.  It 
can  be  seen  that  with  an  increase  in  friction  coefficient  from  0.05  to  0.2 
the  increase  in  predicted  yield  pressure  would  be  26  percent  for  Slab  7  but 
would  be  37  percent  for  Slab  1.  The  increased  effect  of  friction  on  the 
behavior  of  the  deeper  slabs  results  from  the  increased  eccentricity  of 
the  friction  forces  acting  on  the  plane  of  the  bearing  surface  which  were 
more  eccentric  on  the  deeper  slabs. 

The  variation  of  the  concrete  strains  with  depth  of  the  concrete 
is  illustrated  in  the  insert  on  Figure  19*  The  observed  concrete  strains 
appeared  reasonable  and  consistent;  however,  the  relative  magnitudes  do 
not  corroborate  the  computed  depth  of  neutral  axis  in  this  case.  This  might 
be  attributed  to  a  slab  concrete  strength  f^.  higher  than  that  observed  in  the 
sample  cylinder  strength  tests. 

The  observed  strain  data  (Figure  20) show  the  onset  of  yielding 
around  midspan  and  at  the  corner  at  750  psi.  Yielding  pro¬ 
gressed  as  the  pressure  was  increased  to  900  psi.  The  gages  that  do  not 
show  yielding  probably  yielded  too  rapidly  to  be  recorded  with  the  strain 
indicator  or  the  gage  may  have  failed  prematurely. 

The  deflection  profile  (Figure  21)is  similar  to  the  previous 
profiles  except  that  the  sharp  change  of  slope  at  midspan  is  more  pro¬ 
nounced  at  such  large  deflections. 

F.  Slab  3 


The  Sixth  Test  was  a  static  loading  of  Slab  3  which  was  an 
11-inch  deep  square  slab  (span-depth  ratio  of  4.22)  that  contained  one  and 
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a  half  percent  tensile  and  a  half  percent  compressive  reinforcement.  Slab  3 
was  considerably  stronger  than  the  previous  slabs  as  evidenced  by  the  pre¬ 
dicted  yield  pressure  of  1500  psi. 

The  observed  pressure-deflection  diagram  (Figure  22)  is 
linear  up  to  1000  psi.  The  inelastic  behavior  from  1000  to  1200  psi  coin¬ 
cided  with  the  inelastic  strain  behavior  exhibited  by  the  gage  on  the  con¬ 
crete  compressive  surface.  At  1200  psi  the  tensile  reinforcement  strains 
were  at  yield  magnitude  but  did  not  exhibit  any  yield  behavior  (Figure  23). 

At  1200  psi  and  midspan  deflection  of  0.23  inch  the  pressure  seal  failed. 
Therefore,  Slab  3  was  not  loaded  until  yielding  occurred. 

The  predicted  deflection  diagram  (Figure  22)  was  not  fully 
corroborated  by  this  test.  The  observed  elastic  deflections  were  again 
over  twice  the  predicted  deflections. 

The  deflected  profile  (Figure  2U)  is  different  from  the  previous 
tests.  Since  there  was  no  yielding,  the  change  of  slope  at  midspan  is  not 
sharp.  Also,  deflections  at  the  corner  were  observed  to  be  relatively  large. 
This  was  caused  by  a  slab  that  was  not  initially  planar.  The  clamping  force 
of  the  bolts  was  insufficient  to  fcrce  the  slab  into  the  plane  of  the  bearing 
surface.  As  the  pressure  was  applied,  the  low  corner  exhibited  some  move¬ 
ment. 


G.  Slab  9 


After  the  Sixth  Test,  the  dynamic  test  facility  was  assembled 
to  proceed  with  the  development  of  the  pressure  seals,  diaphragms,  and 
related  hardware.  While  machining  operations  were  in  progress,  a  static 
loading  of  Slab  9  was  conducted  as  the  Seventh  Test.  Slab  9  was  an  11-inch 
deep  (span-depth  ratio  of  3.79)  rectangular  slab  that  had  a  width-length 
ratio  of  0.73.  The  reinforcement  was  the  same  as  the  reinforcement  for 
Slab  1,  one  percent  tensile  and  half  percent  compressive. 

The  deflection  diagram  (Figure  25)  is  linear  up  to  450  psi. 

The  inelastic  behavior  up  to  yielding  of  the  tensile  reinforcement  at  625  psi 
was  caused  by  the  pronounced  inelastic  behavior  of  the  concrete  gage 
(Figure  26).  The  increasingly  large  deflections  and  absence  of  any  slope 
in  the  plastic  portion  of  the  deflection  diagram  were  unusual.  Such  behavior 
was  caused  by  an  off-center  pivot  (Figure  25).  The  off-center  pivot  caused 
the  bearing  plate  to  rotate  and  locally  crush  the  3000- psi  concrete  under  the 
edge  of  the  plate. 

Yielding  of  the  tensile  reinforcement  at  rnidspan  and  along  the 
diagonal  occurred  at  the  same  pressure,  625  psi  (Figure  26).  Extensive 
straining  of  the  concrete  compressive  surface  was  measured.  Compressive 
strains  of  such  a  magnitude  were  not  observed  on  any  of  the  other  tests. 
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The  deflected  profile  (Figure  27)  shows  the  relatively  large 
deflections  near  the  edges  that  were  caused  by  the  off-center  pivot  and 
consequent  local  concrete  crushing. 

The  locations  of  the  "diagonal"  dial  indicators  on  the  rectangu¬ 
lar  slabs  were  slightly  off  the  true  rectangular  diagonal.  This  was  unavoid¬ 
able  because  the  hole  in  the  lid  of  the  test  facility  provided  access  only  to  a 
square  31-1/2  inches  by  31-1/2  inches.  This  affects  the  profile  primarily 
at  the  corner  deflections.  Nevertheless,  the  profile  typically  illustrates  the 
midspan  yield  line  by  the  sharp  change  in  slope.  Furthermore,  the  deflec¬ 
tions  along  the  "diagonal"  were  very  nearly  the  same  as  the  deflections 
along  the  centerline,  thus  demonstrating  the  piecewise  mode  of  plastic 
deflection. 


Comparison  with  Slab  1  shows  that  the  square  slab  was  about 
30  percent  stronger  than  a  rectangular  slab  of  the  same  depth  and  rein¬ 
forcement  content.  The  fact  that  the  spans  were  slightly  different  (39  inches 
by  39  inches  square  span  versus  35  inches  by  48  inches  rectangular  span) 
would  lead  to  the  conjecture  that  a  square  slab  tested  on  a  span  of  35  inches 
square  would  be  about  50  percent  stronger  than  Slab  9.  This  comparison  is 
theoretically  evaluated  in  Appendix  B. 

H.  Slab  10 


The  Eighth  Test  was  a  static  loading  of  Slab  10  which  was  an 
8-inch  deep  (span-depth  ratio  of  5.38)  rectangular  slab  that  contained  one 
percent  tensile  and  half  percent  compressive  reinforcement.  Slab  7  was 
the  square  8-inch  deep  companion  specimen  containing  the  same  rein¬ 
forcement  as  Slab  10. 

The  deflection  diagram  is  quite  linear  in  the  plastic  portion 
as  well  as  the  elastic  portion.  The  agreement  with  the  predicted  response 
is  good.  However,  the  observed  maximum  pressure  was  35  percent  greater 
than  the  predicted  "ultimate"  pressure.  lr.  addition,  the  maximum  observed 
midspan  deflection  was  almost  twice  the  predicted  "ultimate"  deflection. 

This  slab  behavior  suggests  that  there  exists  greater  load  carrying  capa¬ 
bility  and  consid^i  ibly  greater  overall  ductility  than  the  theory  takes  into 
consideration. 


The  strain  behavior  was  normal  and  similar  to  Slab  7.  The 
onset  of  yielding  in  the  midspan  tensile  reinforcement  at  275  psi  and  the 
progression  of  the  yield  front  to  the  corner  at  330  psi  and  to  the  edge  at 
380  psi  were  as  expected  and  as  previously  experienced.  The  movement 
of  the  neutral  axis  was  measured  as  shown  in  the  concrete  strain  distri¬ 
bution  plot  (Figure  29).  The  "compressive"  reinforcement  strains  became 
tensile  after  the  neutral  axis  moved,  much  like  the  Slab  7  behavior. 
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The  plastic  analysis  in  Appendix  B  does  not  take  into  account 
the  compressive  reinforcement  going  into  tension  as  observed.  The  com¬ 
puted  depths  of  the  neutral  axis  (Table  V)  did  not  indicate  Slabs  7  and  10 
would  behave  in  such  a  manner. 

The  deflection  profiles  (Figure  30)  were  also  similar  to  Slab  7. 
The  deflections  along  the  centerline  were  considerably  greater  than  those 
along  the  diagonal.  This  indicates  a  predominance  of  a  "spherical"  bending 
mode  of  deflection  of  the  slab,  as  opposed  to  the  piecewise  mode  of  deflec¬ 
tion. 


I.  Slab  1 1 


The  Ninth  Test  was  a  static  loading  of  Slab  11  which  was  the 
circular  slab.  Slab  11  was  14  inches  deep  and  contained  three-way  rein¬ 
forcement  of  one  percent  tensile  and  half  percent  compressive.  The  cir¬ 
cular  span  of  48  inches  in  diameter  gave  a  span-depth  ratio  (L/d)  of  3.92. 
The  reinforcement  content  and  span-depth  ratio  of  square  Slab  1  and  rec¬ 
tangular  Slab  9  were  similar  to  provide  an  evaluation  of  the  effect  of  shape 
on  slab  behavior. 

The  pressure-deflection  diagram  (Figure  31)  shows  some 
initial  mechanical  slack  but  after  80  psi  is  quite  linear.  If  the  mechanical 
slack  were  subtracted  out  of  the  deflections,  the  observed  deflections  would 
be  about  50  percent  greater  than  the  predicted  deflections. 

At  700  psi  the  pressure  seal  failed.  A  retest  of  this  slab  was 
not  accomplished.  Consequently,  the  predicted  deflection  diagram  was  not 
corroborated.  Any  comparison  with  square  and  rectangular  slab  behavior 
must  be  based  on  the  predicted  deflection  diagram  which  assumes  the  theory 
is  valid.  A  cross  plot  of  the  predicted  diagrams  of  Slabs  1,  9  and  11  is 
shown  in  Appendix  B.  In  general,  the  c;rcular  slab  showed  about  the  same 
yield  pressure  as  the  square  slab  but  about  40  percent  greater  ultimate 
deflection  and  20  percent  greater  ultimate  pressure.  The  rectangular  slab 
has  been  shown  to  be  about  75  percent  as  strong  as  the  square  slab. 

The  magnitudes  of  the  strains  (Figure  3^)  and  the  strain  rates 
indicated  that  yielding  probably  would  have  occurred  around  1100  psi. 

The  mechanical  slack  apparent  in  the  pressure-deflection 
diagram  is  also  apparent  in  the  deflected  profiles  (Figure  33).  The  slack 
was  in  the  vicinity  of  the  corner  dial  indicator.  The  profiles  are  so  dis¬ 
torted  that  no  trends  can  be  observed  or  conclusions  drawn  as  to  slab 
behavior. 
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FIGURE  7  .  PRESSURE  VERSUS  MIDSPAN  DEFLECTION  FOR  SL 


FIGURE  8  PRESSURE  VERSUS  STRAIN  FOR  SLAB  7 
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FIGURE  9  PROFILE  OF  TENSILE  SURFACE  FOR  SLAB  7 
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FIGURE  10.  PRESSURE  VERSUS  MiDSPAN  DEFLECTION  FOR  SLAB  4 
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FIGURE  11.  PRESSURE  VERSUS  STRAIN  FOR  SLAB  4 
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FIGURE  13  PRESSURE  VERSUS  MIDSPAN  DEFLECTION  FOR  SLAB  5 
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FIGURE  lit.  PRESSURE  VERSUS  STRAIN  FOR  SLAB  5 
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FIGURE  16.  PRESSURE  VERSUS  MIDSPAN  DEFLECTION  FOR  SLAB  l 
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FIGURE  17  PRESSURE  VERSUS  STRAIN  FOR  SLAB  l 
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FIGURE  18.  PROFILE  OF  TENSILE  SURFACE  FOR  SLAB  2 


FIGURE  19.  PRESSURE  VERSUS  MIDSPAN  DEFLECTION  FOR  SLAB  1 
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FIGURE  21.  PROFILE  OF  TENSILE  SURFACE  FOR  SLAB  1 
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FIGURE  2k.  PROFILE  OF 


GURE  27  PROFILE  OF  TENSILE  SURFACE  FOR  SLAB  9 


FIGURE  28.  PRESSURE  VERSUS  MTDSPAN  DEFLECTION  FOR  SLAB  10 
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FIGURE  30.  PROFILE  OF  TENSILE  SURFACE  FOR  SLAB  10 


FIGURE  32  .  PRESSURE  VERSUS  STRAIN  FOR  SLAB  1 1 


FIGURE  31* .  PRESSURE  VERSUS  MIDSPAN  DEFLECTION  FOR  SLAB  6 


FIGURE  35.  PRESSURE  VERSUS  STRAIN  FOR  SLAB  <> 


FIGURE  36.  PROFILE  OF  TENSILE  SURFACE  FOR  SLAB  6 
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General  Discussion 


The  observed  cracking  pattern  is  indicated  in  Figure  37  and 
photographed  in  Figures  38  and  39.  The  expected  c racking  pattern  as  shown 
in  Appendix  B,  Figure  B2,  is  very  similar.  The  progressive  development 
of  these  cracks  as  the  load  was  being  applied  was  found  to  be  essentially  as 
described  in  the  yield  line  analysis  of  Appendix  B. 

Section  A- A,  Figure  37,  shows  the  slab  cracking  observed 
through  the  depth  of  the  slab.  The  concrete  in  compression  formed  a  dome¬ 
like  structure,  similar  to  the  tied  arch  behavior  found  in  the  deep  beam 
investigations  1 »  2.  The  tensile  reinforcement  bars  were  the  tension  ties  in 
this  dome;  however,  the  friction  forces  also  supported  the  dome  like  an 
abutment.  The  diagonal  cracks  were  also  bridged  with  arch  action  across 
the  corners  of  the  slab  as  shown  by  Section  B-B  of  Figure  37.  The  rein¬ 
forcement  bars  in  both  directions  were  securely  anchored  with  hooks  under 
the  bearing  plates  thus  providing  a  substantial  planar  tie  for  the  dome-like 
structure. 


When  the  deflections  of  the  slab  become  large  with  respect  to 
the  span-depth  ratio,  the  edge  of  the  slab  tends  to  slip  inward  which  is  in 
the  opposite  direction  from  the  tendency  associated  with  small  deflections. 
This,  in  effect,  puts  a  tensile  force  on  the  edge  of  the  slab  and  a  positive 
edge  moment.  The  net  effect  appears  to  reduce  the  compressive  strains  in 
the  concrete.  Since  crushing  of  the  concrete  was  the  assumed  failure  cri¬ 
terion,  the  reduction  in  compressive  strains  would  have  the  end  result  of 
increasing  the  magnitude  of  predicted  deflections  and  ultimate  pressure. 
The  equations  in  Appendix  B  do  not  consider  the  possibility  of  such  behavior 
It  is  to  be  noted  that  the  concrete  surface  strain  gages  in  several  of  the 
slabs  (1,  2,  4,  5  and  7)  behaved  at  large  deflections  in  a  manner  suggesting 
a  reduced  rate  of  compressive  strain.  Some  of  the  -  ages  indicated  no 
compressive  strain  increase  or  even  showed  a  reduction  in  compressive 
strain  magnitude. 

The  predicted  failure  mechanism  (Appendix  B)  of  crushing  of 
the  concrete  in  compression  was  not  observed  at  midspan.  Although  crush¬ 
ing  on  the  diagonals  was  observed,  this  did  not  lead  immediately  to  collapse 
of  the  slab.  Even  Slab  10  did  not  evidence  crushing  of  the  concrete  at  mid¬ 
span  even  though  the  maximum  deflection  was  twice  the  predicted  "ultimate' 
deflection,  and  tl.e  maximum  pressure  was  35  percent  greater  than  the  pre¬ 
dicted  "ultimate"  pressure. 

The  failure  mechanism  was  found  (Figure  40)  to  be  that  exper¬ 
ienced  by  the  previous  investigations®.  This  mechanism  is  described  as 
crushing  on  the  diagonals  that  changes  to  tensile  cracks  which  cut  right 
through  the  slab.  The  tensile  cracks  cutting  through  to  the  "compressive" 


FIGURE  38.  POST-TEST  PHOTOGRAPH  OF  TENSILE  SIDE 

FOR  SLABS  7  AND  2 
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During  Test  at  865  psi 


After  Test 


FIGURE  39.  CRACKS  AT  865  PSI  AND  AFTER  TEST  FOR  SLAB  5 
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Slab  5 


Slab  10 

FIGURE  40.  COMPRESSIVE  SURFACE  AFTER  TEST  FOR 

SLABS  5  AND  10 
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side  can  be  seen  in  Figure  40  for  Slabs  5  and  10.  Plate  III  of  Reference  8 
shows  the  same  results. 

Since  most  of  the  slabs  were  tested  only  to  the  maximum 
pressure  attainable  on  each  particular  membrane  and  seal,  the  real  "ulti¬ 
mate"  or  "failure"  load  was  probably  not  actually  reached  on  any  specimen, 
even  Slab  10.  Table  XVII  of  Reference  8  describes  simply  supported  slabs 
as  having  no  definite  collapse  load  but  having  continuously  increasing  load 
due  to  tensile  membrane  action.  This  tensile  action  is  not  due  to  the  tensile 
edge  forces  but  is  due  to  elongation  at  the  neutral  axis  of  the  slab.  One  such 
specimen  that  behaved  in  this  continuous  manner  was  the  slab  shown  in 
Plate  III8. 


The  equations  used  in  Appendix  B  for  predicting  yield  and 
ultimate  deflection  at  midspan  were  based  on  experience  with  deep  beams.  * 
Such  a  basis  was  the  only  one  reasonable;  however,  observations  indicate 
yield  deflections  about  100  percent  greater  than  predicted.  Although  mecharo- 
ical  slack  might  contribute  to  this,  as  is  apparent  by  initial  nonlinearity  in 
some  of  the  deflection  diagrams,  it  seems  that  the  predicted  yield  and  ulti¬ 
mate  deflections  are  generally  low  by  a  considerable  amount.  Additional 
theoretical  and  experimental  investigations  would  be  required  to  develop 
accurate  deflection  equations , 

The  equations  used  for  predicting  "ultimate"  pressure  in  the 
plastic  analysis  do  not  consider  the  "compressive"  reinforcement  on  the 
tensile  side  of  the  neutral  axis  as  was  observed  on  both  Slabs  7  and  10;  how¬ 
ever,  the  effect  of  this  would  be  negligible  because  the  moment  arm  is 
small. 


The  relative  behavior  of  slabs  having  various  properties  has 
been  measured  and  compared  with  the  predicted  behavior.  Since  some  of 
the  tests  were  not  conducted  to  deflections  and  loads  that  would  fully  corrob¬ 
orate  the  theory,  it  will  be  assumed  for  the  purpose  of  evaluating  the 
various  parameters  that  the  present  theory  is  reasonably  correct. 

The  span-depth  ratio  is  the  primary  parameter  governing  slab 
behavior.  Slabs  1,  6  and  7  were  designed  to  evaluate  span-depth  ratio. 
Figure  B13  shows  the  deflection  diagrams  of  Slabs  1,  6  and  7  as  predicted 
by  Reference  9,  and  Figure  B19  shows  predictions  for  the  same  slabs  using 
the  analysis  in  Appendix  B  corrected  to  the  actual  test  conditions.  Both 
figures  illustrate  that  a  decrease  in  span-depth  ratio  by  a  factor  of  2 
increases  yield  pressure  by  a  factor  of  4.  5,  ultimate  pressure  by  a  factor 
of  5.0,  and  ultimate  deflection  by  a  factor  of  about  1. 5. 

The  reinforcement  content  is  the  secondary  parameter  govern¬ 
ing  slab  behavior.  Figure  B12  illustrates  the  relative  behavior  of  Slabs  l 
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through  5,  all  of  which  have  the  same  depth  and  span.  Slabs  2,  1  and  3 
all  have  half  percent  compressive  reinforcement  but  varying  amounts  of 
tensile  reinforcement.  Slab  1  has  twice  the  reinforcement  of  Slab  Z,  thus 
is  about  twice  as  strong  but  about  7  5  percent  as  ductile,  etc.  Slab  5  is 
similar  to  Slab  2  except  for  the  compressive  reinforcement  and  the  dia¬ 
grams  are  essentially  the  same.  The  same  is  true  for  Slab  4  and  Slab  1. 

It  can  be  seen  that  compressive  reinforcement  has  negligible  effect  on 
slab  behavior  except  for  a  slight  increase  in  ductility. 

The  effect  of  the  shape  of  the  slab  has  already  been  discussed. 
The  effect  is  graphically  illustrated  in  Figure  B19  in  which  deflection  dia¬ 
grams  of  Slabs  1,  9  and  11  are  compared.  Comparisons  are  also  made  in 
Figure  B19  of  Slab  7  with  Slab  10  and  Slab  6  with  Slab  8. 

The  effect  of  strain  hardening  on  the  reload  behavior  of  the 
slab  has  been  experimentally  demonstrated  as  shown  in  Figures  10,  16,  19 
and  20.  This  behavior  is  essentially  as  would  be  expected.  The  reload 
behavior  is  linear  up  to  the  level  of  the  previous  load.  This  was  found  to 
be  true  of  localized  strains  as  well  as  overall  deflections. 

Analytically,  the  effect  of  edge  pressure  on  slab  behavior  was 
evaluated.  Appendix  B  contains  the  derivation  and  the  graphic  results 
(Figure  Bl6).  It  can  be  seen  that  having  the  lateral  pressure  on  the  edge 
acting  axially  has  the  net  effect  of  increasing  the  strength  of  the  slab  but 
decreases  the  ductility.  This  is  because  the  axial  compression  decreases 
the  tensile  strains  but  increases  the  compression  strains.  On  Slab  1  the 
yield  pressure  is  doubled,  the  ultimate  pressure  is  increased  by  50  percent, 
but  the  ultimate  deflection  is  decreased  by  a  factor  of  4.  The  effect  is  less 
on  thinner  slabs  and  greater  on  thicker  slabs. 

The  friction  between  the  slab  and  the  bearing  plate  was 
expected  to  be  critical.  The  friction  forces  have  the  same  effect  on  the 
slab  behavior  as  the  tensile  reinforcement;  therefore,  friction  reducing 
devices  were  used.  It  had  been  expected  that  plastic  sheets  and  lubrication 
could  reduce  the  coefficient  of  friction  to  0.05;  however,  this  proved  to  be 
optimistic.  Although  simple  experiments  indicated  coefficients  of  0.3  to 
0. 4,  coefficients  of  0.  1  to  0. 2  produce  the  best  agreement  between  pre¬ 
dicted  and  observed  slab  response.  Independent  evaluation  of  the  friction 
coefficient  was  not  within  the  scope  of  this  investigation. 

The  effect  of  friction  on  the  predicted  deflection  diagrams  is 
shown  in  Figure  25,  in  which  theoretical  predictions  are  plotted  using  three 
different  friction  coefficients.  In  the  test  of  Slab  7,  the  plastic  sheet  and 
lubricant  had  been  omitted,  thus  the  observed  behavior  compares  with  the 
coefficient  of  0 . 3.  Figure  10,  Slab  1,  shows  similar  friction  effects,  but 
observed  behavior  compares  with  a  coefficient  of  0.  1  since  means  of 


reducing  friction  were  used.  Some  observed  data  compare  best  with  a 
coefficient  of  0.2o  The  reason  for  this  is  not  evident. 

Concrete  cylinder  tests  were  conducted  on  samples  taken  from 
the  mix  used  for  each  specimen.  The  results  of  these  tests  are  summarized 
in  Table  III.  In  some  cases,  the  cylinder  strength  was  significantly  differ¬ 
ent  from  the  strength  that  had  been  used  in  the  predictions.  In  such  cases, 
revised  predictions  have  been  made.  The  theoretical  effect  of  variations 
in  concrete  strength  is  shown  on  Figure  25,  Slab  7.  As  can  be  seen,  the 
main  effect  on  the  slab  behavior  is  a  linear  extension  of  the  plastic  portion 
of  the  pressure -deflection  diagram. 

The  reinforcement  bars  were  tensile  tested.  The  results  were 
very  similar  to  the  expected  stress -strain  curve  shown  in  Figure  B5. 

No  bearing  failures  were  observed.  The  bearing  plates,  at 
first,  were  welded  at  the  corners  which  resulted  in  a  torsional  restraint 
along  the  edges  (Appendix  A).  The  effect  of  this  was  observed  near  the 
maximum  load  on  Slab  5  when  the  plate  began  digging  into  the  slab  along 
the  inner  edge  of  the  plate.  On  Slab  9  the  bearing  plate  was  not  centered 
on  the  pivot,  causing  crushing  of  the  concrete  on  the  inner  edge.  These 
incidents  were  not  classed  as  bearing  failures. 

Shear  failures  were  not  observed.  This  may  be  due,  in  part 
at  least,  to  the  fact  that  the  deepest  slab  was  not  loaded  beyond  its  elastic 
range . 


Since  the  reinforcing  steel  was  provided  with  adequate  hooks, 
no  bond  failures  were  expected  and  none  occurred. 
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5. 


RESULTS  OF  DYNAMIC  TESTS 


The  results  of  each  dynamic  test  generally  consist  of  records  of 
(1)  pressure  in  the  lower  reservoir,  (2)  pressure  in  the  upper  reservoir, 

(3)  midspan  deflection  of  the  slab,  (4)  midspan  strain  of  the  tensile  rein¬ 
forcement,  all  as  functions  of  time,  and  (5)  postload  permanent  deforma¬ 
tion  and  residual  strain.  These  dynamic  results  represent  the  slab  response 
under  a  dynamic  loading  superimposed  on  an  initial  static  loading.  This  is 
due  to  the  initial  static  pressure  differential  between  the  upper  and  lower 
reservoirs  as  described  in  Section  3B. 

The  fundamental  periods  of  the  slabs  were  computed  to  be  4.0  ms 
for  Slab  15,  3.75  ms  for  Slabs  17  and  lfi^  and  3.  5  ms  for  Slab  6.  The  rise 
time  of  the  load  varied  from  about  1  —  1/2  times  the  period  to  several  times 
the  period. 

A.  First  Dynamic  Test,  Slab  15 

The  first  dynamic  test,  Slab  15,  was  conducted  with  700  psi 
in  the  lower  reservoir  and  with  500  psi  in  the  upper  reservoir.  The  lower 
pressure  was  not  vented  so  that  a  square  load  pulse  on  the  slab  was  gen¬ 
erated.  This  also  gave  an  independent  measure  of  the  pressure  decrease 
in  the  lower  reservoir  due  only  to  slab  deflection( Figure  41).  Nitrogen 
gas  was  used  to  minimize  this  pressure  drop.  Although  the  volume  of  the 
reservoir  containing  the  gas  was  more  than  3  cubic  feet,  the  pressure 
dropped  from  700  psi  to  570  psi,  which  indicated  a  volume  increase  of 
20  percent.  Unfortunately,  the  deflection  and  strain  measurements  were 
not  recorded  successfully  during  this  pressure  variation.  Therefore,  such 
a  volume  increase  was  not  corroborated  by  measured  dynamic  data.  How¬ 
ever,  the  extensive  cracking,  the  residual  strain  of  4200  microinches/in^h, 
and  the  permanent  deformation  of  1-7/16  inches  at  midspan  indicated  that  a 
deflection  of  at  least  1-1/2  inches  was  experienced.  The  volume  change  due 
to  1-1/2  inches  midspan  deflection  was  approximately  0.67  cubic  feet  or 
22  percent  of  the  original  volume  of  3  cubic  feet. 

The  intensity  of  the  square  load  pulse  experienced  by  the  slab 
was  the  pressure  differential  between  the  lower  reservoir  and  the  upper 
reservoir.  The  load  curve,  which  was  this  pressure  differential  (q^  -  q | ) . 
has  been  added  lo  the  recorded  data  (Figure  41).  The  post-test  condition 
of  Slab  15  is  shown  in  Figure  42. 

D.  Second  Dynamic  Test,  Slab  16 

The  second  dynamic  test,  Slab  16,  was  unsuccessful.  The 
upper  seal  blew,  cracking  the  specimen  edges  but  without  dynamically  load¬ 
ing  the  specimen. 
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FIGURE  41.  DYNAMIC  TEST.  SLAB  15,  SHOWING  TIME  HISTORY  DATA 


Edge  View 
Slab  15 

FIGURE  U.  POST-TEST  PHOTOGRAPH  OF  SLAB  15 


Third  Dynamic  Test,  Slab  17 


The  third  dynamic  test,  Slab  17,  was  conducted  with  750  psi 
in  the  lower  reservoir  and  with  535  psi  in  the  upper  reservoir.  Again,  a 
square  load  pulse  was  generated  by  not  venting  the  lower  reservoir 
(Figure  43).  The  reservoir  had  been  two-thirds  filled  with  water,  leaving 
1  cubic  foot  of  gas.  The  8-percent  volume  increase  indicated  by  the  pres¬ 
sure  drop  from  750  psi  to  690  psi  was  compatible  with  the  magnitudes  of  the 
measured  deflections  and  strains.  The  deflection  response  was  typical  of 
that  found  in  deep  beams ^  where  the  peak  deflection  occurs  later  than  the 
peak  load  because..of  the  time  required  for  the  yielding  to  take  place. 

The  measured  residual  strain  at  midspan  was  900  micro¬ 
inches/inch.  The  midspan  permanent  set  was  about  0.04  inch.  There 
were  no  cracks.  These  residual  values  are  comparable  with  the  peak 
values  recorded  (Figure  43).  Slab  17  was  exactly  like  Slab  1,  the  static 
companion  specimen.  Both  slabs  were  11 -inch  deep  specimens  having  one 
percent  tensile  and  one-half  percent  compressive  reinforcement. 

D.  Fourth  Dynamic  Test,  Slab  18 

To  generate  load  pulses  similar  to  blast  waves,  the  lower 
pressure  reservoir  was  vented  on  the  fourth  dynamic  test.  The  pressure 
decay  was  premeasured  with  only"  the  lower  reservoir  pressurized.  The 
reservoir  was  filled  with  water,  leaving  only"  0.  5  cubic  foot  of  gas  at  pres¬ 
sure.  When  the  550-psi  reservoir  was  bled  through  a  1-1 /4-inch  valve, 
the  exponential  pressure  decay  shown  in  Figure  44  was  produced.  This 
5-second  duration  was  excessivly  long,  so  a  3-inch  diameter  blow-off  disc 
was  installed  as  shown  in  Figure  45.  The  550-psi  reservoir  was  vented 
through  the  3  -  inch  discharge  giving  the  3-1  /3-second  decay  si  own  in 
Figure  46. 


The  fourth  dynamic  lest.  Slab  18.  was  conducted  with  900  psi 
in  the  lower  reservoir  and  with  600  psi  in  the  upper  reservoir.  The  lower 
reservoir  was  vented  through  the  3-inch  blow-off  disc.  The  disc  was 
explosively  removed  at  the  same  time  the  upper  diaphragm  was  explosively 
removed.  The  resultant  pressure  and  strain  records  are  shown  in  Figure  47. 
The  peak  strain  intensity  was  3470  m ic  romches /inch .  The  residual  strain 
was  850  inic  roinches /inch,  and  the  permanent  set  was  0.  16  inch  at  midspan. 
There  were  no  cracks  in  the  slab. 

Slab  18  and  the  s*atic  companion,  Slab  4,  were  11 -inch  deep 
specimens  having  one  percent  tensile  but  no  compressive  reinforcement. 

Prior  to  the  filth  dynamic  test,  the  pressure  decay  was 
measured  again  with  more  water  in  the  reservoir  than  previously.  The 
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FIGURE  -43  DYNAMIC  TEST,  SLAB  17,  SHOWING  TIME  HISTORY  DATA 


Pressure  =  121  psi/cm 
Time  =  0.5  sec/cm 


FIGURE  44.  PRESSURE  DECAY  THROUGH  A  1-1 /4-INCH  DIAMETER  VALVE 


FIGURE  45.  LOWER  CAVITY  PRESSURE  RELEASE  BLOW-OFF  DISC 
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Pressure  =  121  psi/cm 
Time  =  0.5  sec/cm 


FIGURE  46.  PRESSURE  DECAY  THROUGH  A  2-INCH 
DIAMETER  BLOW-OFF  DISC 
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F’GURE  47  DYNAMIC  TEST,  SLAB  18,  SHOWING 
time  history  strain  data 


water-filled  reservoir  was  pressurized  to  390  psi  and,  when  vented,  a  decay 
duration  of  one  second  was  produced  (Figure  48).  The  strain  and  deflection 
were  also  recorded  as  the  pressure  decayed  to  show  the  elastic  recovery  of 
the  slab  (Figure  48). 

E.  Fifth  Dynamic  Test,  Slab  20 


The  fifth  dynamic  test,  Slab  20,  was  conducted  with  750  psi  in 
the  lower  reservoir  and  500  psi  in  £he  upper  reservoir.  The  water-filled 
lower  reservoir  was  vented  as  in  the  fourth  dynamic  test.  When  the  upper 
pressure  was  released,  the  pressure  drop  in  the  lower  reservoir  was 
severe,  as  was  expected  with  a  water-filled  reservoir  (Figures  49  and  50). 

The  measured  decay  duration  of  1-1/2  seconds  was  longer  than 
the  one  second  measured  in  Figure  48  primarily  because  of  the  higher  pres¬ 
sure.  Also,  there  was  a  thin  layer  of  gas  on  top  of  the  water-filled  reser¬ 
voir  because  bottled  nitrogen  was  used  to  pressurize.  This  gas  layer  was 
estimated  to  be  about  1/4-inch  thick,  which  was  about  0.2  cubic  foot  of  gas 
at  765  psia.  Upon  decompression  of  this  gas  layer  to  ambient  pressure,  a 
gas  volume  of  10  cubic  feet  was  discharged.  The  discharge  of  such  a  gas 
volume  through  a  2-inch  diameter  orifice  was  probably  the  predominant 
cause  of  the  1-1 /2-second  decay  duration. 

This  test  made  it  apparent  that  the  quantity  of  air  required  in 
the  reservoir  to  prevent  large  pressure  drop  from  slab  deflection  alone  was 
too  large  a  quantity  to  be  evacuated  through  a  2-inch  orifice  within  one 
second.  Higher  intensity  pressures  were  possible  but  only  with  longer 
durations.  Obviously,  a  much  larger  vent  capacity  was  required  so  that  a 
gaseous  pressure  medium  could  be  used.  The  desired  exponential  decay  is 
inherent  with  a  gaseous  pressure  medium; 

The  response  of  the  specimen,  Slab  20,  to  this  loading  was 
measured  (Figure  49).  The  residual  strain  was  1600  microinches /inch, 
and  the  midspan  deformation  was  0.  31  inch.  The  cracking  pattern  (Figure  51) 
was  the  typical  diagonal  pattern. 
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Pressure  =  100  psi/cm 
Time  =  0.5  sec/cm 
Pressure  Decay 


€  =  125  y"/"/ cm 

&  =  0.  067  in/ cm 
Time  =0.2  sec/cm 
Strain  and  Deflection  Recovery 


FIGURE  48.  PRESSURE  DECAY  THROUGH  2-INCH  BLOW-OUT  DISC 

WITH  WATER-FILLED  RESERVOIR 
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€  =  500  p  "/"/cm 

t  =  200  ms  /cm 


Scope  3  -  Pressure 
A  =  .  33"/ cm 

q2  =135  psi/cm 
t  =  200  m  s  /cm 


Scope  2  -  Pressure 

=  65  psi/ cm 

q2  =  121  psi/cm 
t  =  50  ms/  cm 


qi  =  Upper  Cavity  Pressure 
q2  =  Lower  Cavity  Pressure 
t  =  Time,  milliseconds 
e  =  Midspan  Tensile  Steel, 
microinches /inch 
A  =  Midspan  Deflection,  inches 


FIGURE  50.  OSCILLOGRAMS  FOR  SLAB  20 
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FIGURE  51.  POST-TEST  PHOTOGRAPHS  OF  SLAB  <>0 
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6.  COMPARISON  OF  DYNAMIC  TEST  RESULTS  WITH 

STATIC  TEST  RESULTS 

Comparison  of  dynamic  test  data  with  companion  static  test  data  is 
difficult.  Known  differences  such  as  friction  reducing  devices  or  concrete 
strength  must  be  considered.  Based  on  the  experience  developed  in  the 
static  test,  the  quantitative  effect  of  friction  on  dynamic  behavior  can  be 
evaluated  assuming  the  friction  factor  is  the  same  for  dynamic  loading  as 
for  static  loading.  Since  it  has  been  shown  for  these  specimens  that  the 
concrete  strength  has  no  effect  on  the  static  slab  behavior  except  the  ulti¬ 
mate  pressure  and  deflection,  the  differences  in  concrete  strength  can  be 
neglected  except  when  the  deformations  become  large. 

A.  Comparison  of  the  Dynamic  Response  of  Slab  15  with 
the  Static  Behavior  of  Slab  7 


A  comparison  of  the  behavior  of  Slab  15  with  that  of  its  static 
companion,  Slab  7  (the  8-inch  deep  slabs  having  one  percent  tensile  and 
one-half  percent  compressive  reinforcement),  is  based  on  the  only  data 
available,  the  residual  deformation,  residual  strain,  and  the  cracking  of 
the  specimen  (Figure  42),  These  data  which  for  the  dynamic  test  represent 
the  result  of  a  dynamic  loading  superimposed  on  an  initial  static  loading 
are  comparable  to  the  corresponding  data  that  would  be  produced  by  a  600- 
psi  static  load  on  Slab  7.  This  is  an  extrapolation  of  Slab  7  predicted  deflec¬ 
tion  behavior  using  a  friction  coefficient  of  0 . 1  and  f^  of  5900  psi  .  Such 
extrapolation  is  required  because  no  attempt  was  made  to  reduce  the  fric¬ 
tion  for  Slab  7,  whereas  for  Slab  15  friction  reducing  material  was  used. 
Also,  Slab  7  had  not  been  deflected  to  1-1/2  inches.  This  analysis  is 
reasonable  in  the  light  of  the  behavior  of  all  the  static  tests,  especially 
Slab  10. 


The  cracking  pattern  produced  by  the  dynamic  load  on  Slab  15 
(Figure  42)  was  very  similar  to  the  pattern  produced  by  the  static  load  on 
Slab  7. 


B.  Comparison  of  the  Dynamic  Response  of  Slab  17  with 
the  Static  Behavior  of  Slab  1 


A  comparison  of  the  dynamic  strains  and  deflections  and  the 
residual  strain  and  deflection  of  slab  17  vith  the  static  behavior  of  slab  1  sho/stlmt 
measurements  of  about  the  same  magnitude  were  produced  by  a  static  load  on  slat  l 
of  the  same  intensity  as  the  maximum  intensity  of  the  square  pulse  on 
Slab  17. 
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C .  Comparison  of  the  Dynamic  Response  of  Slab  18  with 
the  Static  Behavior  of  Slab  4 


Comparison  of  Slab  18  behavior  with  that  of  its  static  com¬ 
panion  specimen  (Figure  52)  shows  that  a  static  pressure  of  770  psi  would 
be  required  to  produce  the  measured  dynamic  data.  This  suggests  that  the 
actual  load  was  higher  than  the  peak  of  660  psi  (Figure  47),  or  that  the 
dynamic  coefficient  of  friction  was  essentially  zero.  The  load  could  have 
been  higher  due  to  the  location  of  the  pressure  transducers.  The  upper 
transducer  was  such  that  the  upper  pressure  was  probably  decaying  faster 
than  that  measured.  The  lower  transducer  was  such  that  the  lower  pres¬ 
sure  was  probably  decaying  slower  than  that  measured.  The  net  result 
would  have  been  a  higher  peak  pressure  than  that  shown  in  Figure  47. 

However,  this  same  anomaly  existed  for  the  previous  dynamic 
test,  Slab  17,  for  which  the  pressures  were  more  reliable.  It  is  quite 
likely  then  that  for  the  dynamic  loading  the  frictional  edge  forces  and  edge 
moments  do  not  develop  to  the  same  magnitude  as  for  a  static  loading. 

The  difference  in  fj.  between  Slabs  4  and  18  would  have  no 
effect  on  the  above  comparison  because  the  deflections  were  not  very  large 
as  discussed  in  Section  5A. 

D .  Comparison  of  the  Dynamic  Response  of  Slab  20  with 
the  Static  Behavior  of  Slab  5 


Slab  20  and  its  static  companion,  Slab  5,  were  11 -inch  deep 
specimens  having  one-half  percent  tensile  but  no  compressive  reinforce¬ 
ment.  However,  Slab  5  was  tested  with  the  bearing  plate  frame  that  exerted 
edge  moments  on  the  slab  (Section  4C),  whereas  Slab  20  had  bearing  plates 
that  were  free  of  edge  restraint.  Therefore,  in  comparing  Slab  20  behavior 
with  Slab  5  behavior,  the  strength  of  Slab  5  must  be  reduced  by  about 
8  percent. 


Comparison  of  the  above  data  with  the  static  companion  speci¬ 
men,  Slab  5,  shows  that  the  measured  peak  strain,  the  residual  strain  and 
the  permanent  set  would  have  been  produced  by  a  450-psi  static  pressure. 
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7. 


SUMMARY  AND  CONCLUSIONS 


The  static  behavior  of  deep  slabs  under  uniform  load  was  investi¬ 
gated  analytically  and  experimentally.  Deflections,  strains,  and  crack 
development  were  observed  with  various  intensity  loads  on  ten  slab  speci¬ 
mens.  The  slab  specimens  were  tested  with  noalnal  span-depth  ratios  of 
3,  4  and  6.  The  specimens  had  reinforcement  content  varying  from  0.5 
percent  to  1 . 5  percent.  Square,  rectangular,  and  round  shape  specimens 
were  investigated.  The  reload  behavior  was  observed  as  well  as  the  first 
load  behavior. 

Equations  were  formulated  for  the  static  test  conditions  for  yield 
and  failure  loads.  Predictions  of  the  static  pressure  required  to  cause 
yielding  of  the  slab,  the  deflection  at  hat  pressure,  and  the  ultimate  pres¬ 
sure  and  deflection  were  made  for  the  test  specimens  (Tables  IV  and  V). 
Graphic  comparison  of  predicted  and  observed  deflection  behavior  for  each 
test  shows  the  correlation.  Correlation  at  yield  pressures  was  generally 
within  10  percent,  but  correlations  of  yield  deflections  and  ultimate  pres¬ 
sures  and  deflections  were  not  good.  Loads  as  much  as  35  percent  higher 
than  predicted  ultimate  were  observed.  Yield  deflections  were  observed  to 
be  generally  100  percent  higher  than  predicted.  Maximum  deflections  were 
as  much  as  two  times  the  predicted  ones. 

The  dynamic  behavior  of  deep  slabs  under  uniformly  distributed  load 
was  also  measured  on  four  slabs.  To  generate  the  high  intensity  dynamic 
load  with  a  rise  time  in  milliseconds  and  a  duration  of  about  one  second,  a 
special  test  facility  was  developed.  The  measured  rate  of  pressure  rise 
was  100  psi  per  millisecond.  A  peak  pressure  of  600  psi  was  generated. 

The  duration  of  the  pressure  was  variable  from  about  1-1/2  seconds  up. 

The  slabs  tested  dynamically  were  companion  specimens  to  the 
statically  tested  slabs. 

A  dynamic  peak  load  of  1 .  5  times  the  static  yield  load  was  sustained 
by  one  specimen,  Slab  20.  On  the  other  three  slab  tests,  there  appeared 
to  be  little  difference  between  the  static  and  the  dynamic  response. 

Analytical  evaluation  of  the  effect  of  various  parameters  on  slab 
behavior  was  conducted  and  discussed.  It  was  shown  that  the  primary 
strength  parameter  was  the  span-depth  ratio  and  that  the  second  most 
critical  parameter  was  the  amount  of  tensile  reinforcement.  It  was  also 
shown  that  compressive  reinforcement  had  little  effect  on  slab  behavior. 

The  effect  of  the  shape  of  the  slab  was  discussed  and  the  conclusion  drawn 
that  the  circular  and  square  shapes  had  essentially  the  same  strength  but 
the  rectangular  shapes  were  weaker. 
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Analytically  it  was  shown  that  friction  between  the  slab  and  the 
bearing  surface  had  a  significant  effect  on  slab  behavior.  For  example, 
increase  in  friction  factor  from  0.05  to  0,  2  increased  the  pressure 
required  to  yield  Slab  1  by  30  percent. 

Analytically  it  was  also  shown  that  the  concrete  strength  does  not 
affect  the  strength  of  the  slab  but  affects  the  ductility  slightly. 

Analytically  it  was  also  shown  that  pressure  acting  axially  on  the 
vertical  edge  of  the  slab,  as  well  as  laterally,  increases  the  strength  con¬ 
siderably. 


APPENDIX  A 


DESCRIPTION  OF  TEST  FACILITY 


The  test  facility  that  meets  the  desired  conditions  is  shown  in 
Figures  A1 ,  A 2  and  A3.  The  square,  rectangular,  and  round  slabs  are 
shown,  respectively. 

A.  Static  Loading 

The  pressure  vessel,  along  with  the  specially  designed  lid, 
served  as  the  structure  that  held  the  huge  loads.  The  pressure  was  applied 
upward  on  the  specimen  from  the  lower  reservoir.  The  reservoir  was 
sealed  with  a  thin  flexible  membrane  that  conformed  to  the  surface  irre¬ 
gularities  of  the  concrete  and  that  stretched  with  the  slab  movement,  see 
Figure  A4.  The  membrane  had  to  have  enough  ductility  to  take  the  1  to 
2  inches  of  slab  flexure  at  midspan  and  the  1  /4  inch  of  vertical  displace¬ 
ment  as  the  lid  elastically  deformed  under  the  2  to  3  million  pounds  of  load. 
The  O-ring  seal  between  the  membrane  and  the  plate  was  changed  to  fit  the 
square,  rectargular,  and  round  slabs.  The  plan  dimensions  of  the  seal  were 
selected  so  the  load  was  applied  on  the  span  only,  thereby  avoiding  load  on 
the  overhanging  edge. 

The  specimen  transferred  the  load  through  a  6-inch  wide, 

1-inch  thick  bearing  plate  to  the  round  pivot  frame,  thence  into  the  lid.  In 
the  beginning,  the  bearing  plates  for  each  edge  were  welded  at  the  corners. 
Slabs  2,  5,  7  and  4  (first  loading)  were  tested  in  this  manner.  The  tor¬ 
sional  restraint  on  the  edge  of  the  slab  is  treated  analytically  in  Appendix  B. 
All  other  tests  were  conducted  with  bearing  plates  free  to  rotate  at  the 
corners. 


The  three  slab  depths  that  give  the  desired  variation  in  span/ 
depth  fit  into  the  structure  with  a  separate  concrete  filler  poured  to  fit  each 
of  the  three  slab  thicknesses. 

B.  Dynamic  Loading 

The  dynamic  load  was  generated  by  also  pressurizing  above  the 
slab  in  a  pressure  chamber  formed  by  a  steel  diaphragm  (see  Figure  A3), 
then,  at  a  preselected  pressure  level,  the  restraining  diaphragm  was  cut 
away  with  a  special  linear  shaped  charge  explosive.  As  the  diaphragm  was 
cut  away,  the  upper  pressure  exhausted  rapidly.  The  net  pressure  was  the 
load  on  the  slab  since  the  lower  pressure  was  still  applied.  Thus,  the  rise 
time  of  the  slab  load  was  the  exhaust  time  of  the  upper  pressure  cavity. 
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FIGURE  Al.  SQUARE  SLAB  TEST  FIXTURE 
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FIGURE  A3.  ROUND  SLAB  TEST  FIXTURE 


FIGURE  A4.  SCHEMATIC  OF  SPECIMEN  LOADING  AND 
SUPPORTING  ARRANGEMENT 


The  decay  of  the  dynamic  load  was  produced  by  draining  the 
pressure  in  the  lower  cavity.  By  programming  multiple  solenoid  valves, 
the  rate  of  the  flow  could  be  controlled  to  obtain  various  decay  functions 
and  durations. 


It  was  expected,  however,  that,  as  the  upper  pressure  was 
exhausted  and  the  slab  loaded,  the  resultant  slab  deflection  would  increase 
the  volume  of  the  lower  cavity;  this  would  cause  the  lower  cavity  pressure 
to  decrease.  A  gaseous  pressurizing  medium  would  minimize  this  pres¬ 
sure  decrease;  however,  a  liquid  medium  would  minimize  the  decay  dura¬ 
tion.  By  providing  a  moderate  reservoir  size  and  a  large  venting  capacity, 
it  was  expected  that  an  optimum  combination  of  these  two  effects  could  be 
produced. 


To  avoid  the  mass  effects  of  a  fluid  pressure  medium  on  top  of 
the  slab,  nitrogen  gas  was  used.  The  expansive  energy  of  the  compressed 
gas  plus  some  of  the  explosive  energy  would  have  dangerously  propelled 
the  cutaway  diaphragm,  so  a  1200-pound  cable  blasting  mat  was  suspended 
over  the  test  facility  to  catch  the  steel  diaphragm  and  any  spalling  concrete. 

A  fluid  pressure  medium  in  the  upper  reservoir  would  have 
given  a  faster  pressure  decay,  thus  a  shorter  rise  time  of  the  resultant 
dynamic  load  on  the  specimen.  This  possibility  was  not  evaluated. 
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APPENDIX  B 


PREDICTION  OF  STATIC  BEHAVIOR 


The  phenomenological  behavior  of  a  slab  subjected  to  uniform  pres¬ 
sure  is  essentially  defined  by  the  pressure-midspan  deflection  diagram. 

The  purpose  here,  in  essence,  is  to  develop  theories  for  the  prediction  of 
the  pressure-deflection  diagram,  sometimes  called  the  "resistance  dia¬ 
gram,  "  for  the  static  loading  on  deeply  proportioned  slabs. 

The  analysis  now  to  be  described  was  published  as  Interim  Reports, 
Part  1^  and  Part  II 1 0 ,  and  in  Progress  Reports.  For  continuity,  that  nate- 
rial  is  now  duplicated  with  appropriate  corrections. 

A.  Square  Slabs 

The  pressure-midspan  deflection  diagram  is  expected  to  be 
shaped  in  the  manner  shown  in  Figure  Bl.  Before  the  concrete  cracks, 
the  slab  behaves  as  an  elastic  isotropic  slab.  The  diagram  is,  therefore, 
initially  linear,  but  only  for  a  short  range  as  the  concrete  begins  to  crack 
at  a  low  pressure.  As  the  cracks  form  and  grow  larger,  the  slope  of  the 
pressure-deflection  diagram  progressively  decreases  as  shown.  At  about 
one-half  of  the  pressure  required  to  cause  yielding  of  the  tensile  steel,  the 
major  cracks  will  be  well  developed,  and  the  pressure-deflection  diagram 
will  become  fairly  straight  and  with  a  slope  which  corresponds  to  the  full 
cracked  condition.  Yielding  begins  at  the  lowest  level  of  steel  reinforce¬ 
ment  and  gradually  progresses,  causing  a  rounded  transition  from  the  fully 
cracked  linear  region  to  the  fully  inelastic  state.  After  considerable  yield¬ 
ing  strain,  hardening  will  occur  in  some  cases.  For  the  specimens 
planned,  the  deep  slab  is  expected  to  fail  by  ciushing  of  the  concrete  around 
midspan. 


The  deflection  surface  will  be  smoothly  curved  at  very  low 
loads  before  cracking,  but  the  cracking  will  significantly  influence  the 
deflected  shape.  The  major  cracks  which  are  observed  on  the  tensile  side 
of  the  slab  are  expected  to  appear  somewhat  as  they  do  for  medium-thick 
slabs.  The  expected  cracking  pattern  is  shown  in  Figure  B<i  for  a  square 
slab  with  square  mesh  reinforcement.  The  major  cracks  will  be  vertical 
diagonal  cracks  and  circumferential  cracks  roughly  parallel  to  the  edges, 
i  he  cracks  parallel  to  the  edges  will  propagate  upward  and  toward  midspan, 
nearly  reaching  midspan  and  the  loaded  surface  for  the  deeper  slabs. 

The  vertical  diagonal  cracks  divide  the  slab  into  essentially 
four  triangular  segments,  as  shown  in  Figure  B2.  Along  these  cracks,  the 
torsional  resistance  is  fairly  well  destroyed.  Therefore,  after  these 
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FIGURE  Bl.  TYPICAL  PRESSURE- DEFLECTION  DIAGRAM 


FIGURE  B l.  EXPECTED  CRACKING  PATTERN 
FOR  SQUARE  SLABS 
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cracks  develop,  the  slab  will  tend  to  deflect  in  a  piecewise  mode.  That  is, 
large  pieces  of  the  slab  are  expected  to  act  as  essentially  rigid  bodies.  The 
deflected  shape  of  the  loaded  surface  will  then  be  composed  of  flat  triangular 
segments  joined  along  sharply  defined  bend  lines,  also  called  "yield  lines" 
or  "fracture  lines."  This  shape  can  be  defined  by  the  position  of  the  bend 
lines,  and  the  magnitude  is  defined  by  the  deflection  at  midspan  as  this  is 
essentially  a  one  degree  of  freedom  system.  It  will  be  assumed  that  the 
fracture  lines  will  have  the  same  position  for  deep  slabs  as  for  medium 
thick  slabs.  Their  position  may  be  determined  theoretically  by  the  well- 
known  fracture  line  theory  of  slabs. 

The  expected  pressure-deflection  diagram  can  be  closely 
approximated  by  two  straight  lines,  as  shown  on  Figure  Bl.  These  lines 
are  defined  by  the  origin  and  the  pressure  and  midspan  deflection  coor¬ 
dinates  for  the  yield  point  and  the  ultimate  point.  The  following  method, 
therefore,  is  for  the  prediction  of  the  latter  two  points. 

Although  splitting  and  shear  failures  are  quite  possible, 
especially  for  the  deeper  slabs,  no  consideration  has  been  given  herein  to 
these  modes  of  failure  primarily  because  so  little  information  is  available. 
This  study  is  predicated  on  the  assumption  that  the  failure  is  by  bending 
and,  therefore,  that  other  forms  of  failure  do  not  occur  first. 

B.  Analysis  of  Deep  Beam  Strips 

A  slab  may  be  thought  of  as  composed  of  many  narrow  beam 
strips  running  parallel  to  each  set  of  reinforcement  plus  torsional  resist¬ 
ance  between  beam  strips.  The  flexural  properties  of  each  beam  strip  are 
considered  to  be  independent  of  the  existence  of  other  beam  strips  even 
though  they  may  be  crossing  and  using  the  same  concrete  as  part  of  each 
strip.  In  this  procedure,  at  any  point  on  any  of  the  fracture  lines  in  the 
slab,  the  bending  moment  at  yield  or  ultimate  in  the  direction  of  one  of  the 
sets  of  reinforcement  is  assumed  to  be  equal  to  the  yield  or  ultimate  moment 
per  unit  width  of  the  corresponding  beam  strip.  Therefore,  one  of  the  first 
steps  in  this  method  is  to  determine  the  yield  and  ultimate  moments  per 
unit  width  of  the  typical  beam  strips.  These  are  determined  in  the  usual 
manner  for  flexural  members. 

Consider  a  typical  cross  section  subjected  to  combined  axial 
compression  P  and  bending  moment  M  as  shown  in  Figure  B3.  Note  that 
the  axial  load  is  considered  to  act  at  mid-depth  of  the  beam  strip.  This 
position  is  rather  arbitrary  but  some  position  must  be  chosen  and  adhered 
to  in  order  to  avoid  confusion;  the  usual  choice,  the  centroid,  is  not  con¬ 
venient  because  it  is  not  fixed  in  position  but  depends  upon  the  relative 
values  of  M  and  P  since  the  concrete  is  assumed  to  have  no  strength  in 
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FIGURE  B3 .  INTERNAL  FORCES  ON  THE  SLAB 


FIGURE  B4.  ASSUMED  STRESS-STRAIN  CURVE  FOR  CONCRETE 


tension.  Define  the  ratio  M/P  as  an  equivalent  eccentricity  e.  Thus,  as 
illustrated  in  Figure  B3 


e 


M 

P 


(1) 


The  usual  problem  is  as  follows:  given  e,  to  find  the  values  of  P  and  M  at 
yield  and  ultimate. 

1 .  Material  Properties 

The  concrete  and  steel  reinforcement  are  considered  to 
have  the  typical  properties  shown  in  Figures  B4  and  B5.  The  idealized 
stress-strain  curve  for  concrete  shown  in  Figure  B4  was  recommended  by 
Jensen*  *  for  4000-psi  concrete  on  the  basis  of  extensive  studies  of  cylinder 
and  beam  tests.  The  steel  stress-strain  curve  of  Figure  B5  was  found  by 
de  Paiva  and  Austin*  to  be  typical  of  intermediate  grade  reinforcing  steel. 
These  properties  will  be  used  in  calculating  the  probable  strengths  of  the 
specimens  in  this  test  series. 

2.  Fundamental  Considerations 


The  analysis  of  the  strength  of  a  beam  subjected  to 
moment  and  axial  load  is  based  upon  three  assumptions: 

(1)  Ther  strains  are  linear  through  the  depth 

(2)  The  relationship  between  stress  and  strain  for 
a  fiber  of  the  beam  is  the  same  as  for  a  coupon 
specimen 

(3)  The  tensile  stresses  in  the  concrete  are 
negligible 

and  the  condition  that  for  equilibrium  the  sum  of  the  stresses  over  the  cross 
section  must  equal  the  applied  axial  load  P  and  the  moment  of  the  stresses 
about  mid-depth  must  equal  the  applied  bending  moment.  These  assump¬ 
tions  lead  to  the  following  developments. 

3.  Initial  Yield  State 


The  beam  strip  is  assumed  to  yield  when  the  computed 
stress  in  the  tensile  reinforcement  reaches  the  yield  point.  Thus,  the 
criterion  for  yielding  is: 
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FIGURE  B5.  TYPICAL  STRESS-STRAIN  CURVE  FOR  THE  REINFORCING  STEEL 


c  s  *  €  y 

in  which  €y  is  the  yield  point  of  the  tensile  reinforcement,  assumed  equal 
to  0.0016  for  the  studies  herein. 

If  the  maximum  concrete  stress  is  less  than  the  cylinder 
strength  f^.,  the  strain  and  stress  distributions  shown  in  Figure  B6  are 
assumed  to  exist.  The  equilibrium  requirement  then  is  as  follows 

Py  =  Cj  +cs  -  T  (2a) 


Mv  *  Cl(l '  t)  +  Cs(f "  8)  +T(d  -|) 


in  which  the  values  of  the  compressive  and  tensile  force  resultants,  Cj. 

Cg  and  T  are  defined  cu  Figure  B6.  If  the  maximum  concrete  strain  is 
greater  than  the  yield  strain,  then  the  strain  and  stress  distributions  shown 
in  Figure  B7  are  assumed  to  exist.  In  this  case,  the  equilibrium  require¬ 
ments  are  as  follows 

pv  =  Cj  +C2  +cs  -  T  (3a) 


■  c*[H(kd-¥)]  +c^[!- 
(“-!  ¥)]  +c*[f  •  *]  +T[d'l]  (3b) 


It  may  be  noted  that  all  of  the  quantities  in  Equations  (2) 
and  (3)  may  be  determined  directly  if  the  depth  of  the  compression  zone,  kd, 
or  the  parameter,  k,  ic  known.  If  there  is  no  axial  load,  the  value  of  k  may 
be  determined  from  the  following  conventional  elastic  equation 

k  =  Jz  £np  +  (n  -  l)p’  ^1  -  +  [(n  -  1)  p1  +npj  2  - 

-  l(n  -  l)p'  +  npj 


(4) 


FIGURE  B6.  STRAIN  AND  STRESS  RELATIONSHIPS  AT  YIELDING 
OF  TENSILE  REINFORCEMENT  CONCRETE  NOT  YIELDED 


FIGURE  B7 .  STRAIN  AND  STRESS  RELATIONSHIPS  AT  YIELDING 
OF  TENSILE  REINFORCEMENT  CONCRETE  YIELDED 
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However,  if  the  axial  load  is  not  zero,  then  the  solution  is  most  easily 
determined  by  a  successive  approximations  procedure  in  which  various 
values  of  kd,  or  k,  are  assumed  and  the  values  of  Py,  M  ,  and  e  deter¬ 
mined.  To  assist  in  assuming  reasonable  values  of  kd,  tne  value  of  e,  or 
1/3,  can  be  plotted  as  a  function  of  kd,  or  k. 

4.  Ultimate  State 


The  ultimate  strength  of  a  beam  which  fails  by  crushing 
of  the  concrete  after  initial  yielding  of  the  tensile  reinforcement  can  be  pre¬ 
dicted  through  consideration  of  the  distribution  of  stresses  and  strains  shown 
in  Figure  B8.  It  is  assumed  that  the  concrete  crushes  when  the  maximum 
strain  reaches  a  limiting  value  given  by  Equation  (5),  determined  in  pre¬ 
vious  beam  studies 


ecu 

=  0.008 

when  —  ^  3 
d 

(5a) 

e 

cu 

=  0.001 | 

(u-j) 

when  3  ^  7 

d 

(5b) 

e 

cu 

=  0.004 

when  —  >  7 
d 

(5c) 

The  parameter  kjkj  has  been  found  in  previous  studies  to  be  suitably 
approximated  by  the  following  expression 

kik3  =  1.37  -  0.000108 fj,  (6) 

in  which  f^.  is  expressed  in  pounds  per  square  inch. 

The  equilibrium  requirements  are  as  follows 

Pu  =  C!  +C6  -  T  (7a) 

Mu  =  C,(|-  0.42a)  +C6(|-  g)  +T(d-|)  (7b) 

Note  that  all  quantities  in  Figure  B8  and  Equations  (7a) 
and  (  7b)  can  be  evaluated  once  the  depth  of  the  compression  zone  "a"  is 
known.  The  tensile  steei  stress  at  ultimate,  fgu,  must  be  found  by  use  of 
the  stress-strain  curve  if  the  corresponding  strain,  egu>  exceeds  the  strain 
at  the  beginning  of  strain  hardening,  which  is  often  the  case.  The  solution 
may  be  made  by  a  successive  approximations  procedure  as  outlined  in  the 
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FIGURE  B9.  ASSUMED  EDGE  FORCES  AT  MIDEDGE 
FOR  DEFLECTED  POSITION 


previous  section,  starting  with  assumed  values  of  the  depth  of  the  com¬ 
pression  zone. 

C .  Application  of  Analysis  for  Square  Slabs  with 

Square  Mesh  Reinforcement 

In  this  section  are  presented  the  results  of  the  analyses  of 
square  concrete  slabs  with  square  mesh  tensile  and  compressive  reinforce¬ 
ment,  with  the  individual  reinforcing  bars  running  parallel  to  the  supports. 
The  actual  edge  conditions  of  the  test  are  discussed  first.  Then  the  theories 
for  both  elastic  and  plastic  analyses  are  presented.  Formulas  for  predict¬ 
ing  the  yield  and  ultimate  points  on  the  load- deflection  curves  are  recom¬ 
mended,  and  then  these  formulas  are  applied  to  predict  the  flexural  behavior 
of  the  slabs  of  this  series  of  tests.  Finally,  a  short  discussion  is  pre¬ 
sented  of  the  expected  results  if  the  full  pressure  were  allowed  to  act  on 
the  edges  of  these  slabs. 

1 .  Edge  Conditions 

The  supporting  and  loading  arrangements  are  shown  in 
Figure  Al.  A  simplified  sketch  of  the  supporting  arrangements  is  shown  in 
Figure  A4.  The  slab  is  supported  on  the  tensile,  or  upper,  side  by  a  steel 
bearing  plate  which  will  rotate  on  pivot  A. 

When  the  slab  deflects  under  the  pressure  q,  the  ends 
will  rotate  about  the  pivots,  A.  Therefore,  the  slab  will  be  considered  to 
be  supported  from  center  to  center  of  the  pivots.  The  reaction  at  this  point 
will  be  the  reaction  for  a  simply  supported  edge  of  a  plate.  The  reaction  at 
midedge  of  a  simply  supported  plate,  for  Poisson's  ratio,  v,  equal  to  0. 13, 
can  be  found  to  be  approximately  as  follow s^ 

Reaction  at  midedge  =0.44  qL  =  17  q  (8) 

in  which  L  is  the  inside  span,  equal  to  39  inches,  which  is  the  total  reaction 
at  A.  The  reaction  will  vary  roughly  as  a  parabola  or  sine  wave  with  a 
maximum  at  midedge  and  a  small  value  at  the  corners. 

The  reaction  formula  of  Equation  (8)  should  be  con¬ 
sidered  as  a  reasonable  estimate  for  a  rather  ideal,  closely  mated  slab 
and  supports.  Small  variations  in  the  fit  of  the  3lab  on  the  supports  in 
the  preload  condition  may  cause  large  discrepancies  from  these  values. 

The  reactions  are  shown  in  Figure  B9. 

When  the  slab  deflects,  the  slab  in  contact  with  the 
bearing  at  point  A  will  move  outward.  There  should  be  slipping  of  the 
slab  relative  to  the  support.  To  reduce  the  coefficient  of  friction,  a  thin 
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plastic  sheet  will  be  inserted  between  the  inserts  and  the  support  and  seal. 
It  is  expected  that  the  coefficient  of  friction  p  will  be  reduced  to  a  value  of 
about  0.  10  in  this  way.  The  estimated  frictional  forces  at  midedges  are 
shown  in  Figure  B9.  These  forces  will  vary  from  a  maximum  at  midspan 
to  small  forces  near  the  corners. 


The  frictional  forces  can  be  replaced  by  equivalent  com¬ 
pressive  forces  acting  in  the  middle  plane  and  couples  acting  about  the  hori¬ 
zontal  axis  at  mid-depth.  At  midedge  these  have  the  following  values 


Edge  Compressive  Force  =  17  pq 
Moment  at  Midedge  =  Me  =  -8.5  pqh 
in  which  h  is  the  total  depth  of  the  slab. 


(9) 


2.  Elastic  Analysis 

Consider  now  the  bending  moments  in  a  square,  iso¬ 
tropic,  elastic  slab  which  is  simply  supported  on  the  edges  and  subjected 
to  a  uniform  pressure  q  and  the  edge  forces  described  above.  The  maxi¬ 
mum  bending  moments,  which  occur  at  midspan,  are  determined  below. 
Consider  that  the  slab  has  a  Poisson's  ratio  of  0.  13,  as  before. 


The  maximum  bending  moment  due  to  the  uniform  pres¬ 
sure  q  can  be  found  from  the  solutions  given  in  Timoshenko  and  Woinowsky 
Krieger^  to  be  as  follows 

M  -  l/24qL2  =  0.0417 qL2  =  63.4  q  (10) 

4 


in  which  Mr^  denotes  the  bending  moment  at  midspan  due  to  the  pressure, 
equal  in  all  directions.  It  may  be  noted  that  the  moments  across  a  diagonal 
section  are  almost  uniformly  distributed,  varying  from  this  value  at  mid¬ 
span  to  a  value  of  0.0403  qL^  at  the  corners. 


The  calculation  of  the  bending  moments  at  midspan  caused 
by  the  edge  moments  is  based  upon  the  assumption  that  the  applied  edge 
moments  vary  along  the  edge  as  a  hall  sine  wave,  with  maximum  value  at 
midedge  and  zero  values  at  the  corners.  The  bending  moment  at  midspan, 
equal  in  all  directions,  has  been  calculated  from  the  coefficients  tabulated 
by  Newmark^;  it  is  as  follows 


Mm  =  0.450  M(. 

Evaluating  Mg  from  Equation  (9),  we  obtain  the  following  expression 

Mm  r  -3.82  pqh  (11) 
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Additional  bending  moment  is  caused  by  the  interaction  of 
the  compressive  forces  in  the  middle  plane  of  the  plate  and  the  deflections. 

It  has  been  determined  that  the  frictional  forces  at  each  edge  cause  com¬ 
pressive  forces  which  vary  approximately  as  a  parabola  or  sine  wave  along 
the  edge.  However,  to  simplify  the  calculations,  it  will  be  assumed  that  the 
actual  compressive  forces  can  be  replaced  by  an  equivalent  uniform  com¬ 
pression  which  has  a  magnitude  such  that  the  total  force  on  the  edge  will  be 
the  same  as  for  the  true  distribution.  The  force  exerted  on  the  slab  by  the 
seal  and  resisted  by  the  bearing  causes  only  moment.  Therefore,  the  total 
compressive  force  on  one  edge  is  simply  equal  to  the  coefficient  of  friction 
p  multiplied  by  one-fourth  of  the  total  load  on  the  plate.  That  is,  if  Pe  is  the 
average  force  per  unit  length  on  the  edge 

LPe  =  0.25  qL^p 


or 


Pe  =  9.75  pq  (12) 

This  compressive  force,  in  dimensions  of  force  per  unit  width,  will  act  at 
every  point  in  the  plate  and  in  all  directions.  This  is  a  condition  of  "hydro¬ 
static  compression." 

The  interaction  of  the  compressive  force  Pg  with  the 
deflection  produces  the  same  moments  as  a  lateral  force,  q^,  given  by  the 
following  expression 


in  which  w  is  the  deflection,  positive  downwards,  and  x  and  y  are  Cartesian 
coordinates  in  the  plane  cf  the  plate,  parallel  to  the  edges.  If  the  deflected 
shape  is  assumed  to  have  approximately  the  shape  of  a  double  sine  wave 

ttx  Try 

w  =  wQ  sin  —  sin 


in  which  wD  is  the  deflection  at  midspan,  then  the  lateral  force  is  given  by 
the  following  expression 


TPew0  .i»S 


Try 
Sin  —■ L 

L 


This  lateral  force  causes  a  maximum  moment  at  midspan,  for  v  =  0.13, 

12 

as  follows,  as  shown  by  Timoshenko  and  Woinowsky-Krieger  : 
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Ma  =  0.565woPe 

Evaluating  Pg  from  Equation  (12),  one  obtains  the  following  expression  for 
the  maximum  moment  at  midspan 

Ma  =  5.  51  qpwQ  (13) 

The  total  moment  at  midspan  is  the  sum  of  the  three 
components  given  in  Equations  (10),  (11)  and  (13) 

Total  Moment  at  Midspan  =  M  =  M„  +  M  +  M 

r  o  q  m  a 


or 


Mq  =  63. 4  q  -  3, 82  qph  +  5.51  qpwQ  ( 14) 

If  the  coefficient  of  friction  p  is  assumed  to  be  equal  to 
0.05,  Equation  (14)  reduces  to  the  following  form 

Mq  =  63. 4  q  -  0 . 191  qh  +  0 . 2?  5  qwQ  (15) 

The  elastic  formulas  of  this  article  are  expected  to  be 
applicable  to  the  prediction  of  the  pressure  at  yielding.  They  should  not  be 
used  for  the  prediction  of  the  pressure  at  failure. 

3.  Plastic  Analysis 

The  well-known  fracture-line  theory,  also  called  the 
yield-line  theory,  described  in  detail  by  Wood®  is  expected  to  give  approxi¬ 
mately  correct  relationships  between  the  internal  forces  and  pressure  at 
both  yield  and  at  failure. 

Consider  again  the  square  slab  subjected  to  uniform  load, 
edge  moments,  and  edge  compression  as  described  previously.  The 
moment  normal  to  the  fracture  lines  is  considered  to  be  distributed  uni¬ 
formly  along  the  fracture  lines,  and  it  is  assumed  that  twisting  moments 
parallel  to  the  fracture  lines  cannot  be  resisted  along  the  fracture  lines. 

The  moment  normal  to  the  fracture  lines,  M£,  has  three  components 

M,  =  Mfq  +  Mfm  +  M(a  (16) 

in  which  Mfq  js  the  component  due  to  the  pressure  on  the  slab,  Mfm  is  the 
component  due  to  the  edge  moments,  and  Mfa  is  the  component  due  to  the 
compressive  forces  in  the  plane  of  the  plate. 
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Consider  first  the  moment  component  due  to  the  lateral 
pressure,  Mfq.  If  the  yield  lines  are  taken  as  the  two  diagonals,  the 
moment  caused  by  the  pressure  q  is,  by  statics,  as  follows 

Mfq  =  j^qL  =  0.0417  qL  =  63. 4  q  (17) 

If  it  is  considered  that  the  yield  lines  have  the  shape  of 
those  shown  in  Figure  B2,  with  "fans"  at  the  corners,  the  moment  is 
theoretically  slightly  increased  for  the  optimum  position  of  the  yield  lines. 
Thus 


max.  Mf  =  —  qL2  =  0.0455  qL2  =  69.  1  q 

*  C*  Cm 

However,  experiments  with  reinforced  concrete  slabs  show  that  the  fans 
at  the  corners  usually  do  not  develop  and  that  Equation  (17)  best  describes 
the  behavior.  Therefore,  Equation  (17)  is  adopted  herein. 


Consider  next  the  component  moment  Mfm  caused  by  the 
edge  moments.  The  fracture  lines  for  this  loading  are  assumed  to  be  the 
diagonals,  as  shown  in  Figure  B10(a).  No  vertical  shear  acts  along  these 
fracture  lines  because  of  symmetry.  Consider  the  external  and  internal 
forces  acting  on  the  triangular  segment  ABO,  shown  in  Figure  B10(b).  The 
external  edge  moment  Me  sin  ny/L  acts  along  the  edge  AB,  and  the  uni¬ 
formly  distributed  moments  Mfm  act  normal  to  the  edges  OA  and  OB.  For 
moment  equilibrium  about  edge  AB,  clearly 


sm 


EZ 


dy 


or 


Mfm  =  ~  Me  =  -  5.42pqh  (18) 

in  which  Me  was  evaluated  from  Equation  (9). 

Consider  now  the  moment  component  due  to  the  uniform 
compressive  edge  forces  Pg  which  act  in  the  plane  of  the  slab,  as  shown  in 
Figure  Bll(a).  The  same  diagonal  fracture  lines  must  be  considered  for 
this  loading  as  for  the  other  loadings;  the  position  of  these  fracture  lines  is 
governed  mainly  by  the  primary  loading  q.  The  slab  is  considered  to 
deflect  due  to  bending  along  the  fracture  lines  with  each  triangular  segment 
rigid.  The  deflection  at  the  center,  point  O,  is  denoted  as  w0.  Consider¬ 
ing  the  triangular  segment  ABO  shown  in  Figure  Bll(b),  the  uniform  edge 


y 


Segment 


(c)  Elevation 


FIGURE  Bll.  SLAB  SUBJECTED  TO  HORIZONTAL  EDGE 

COMPRESSIVE  FORCES 
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compression  Pp  acts  normal  to  the  edge  AB,  and  the  internal  compressive 
forces  which  act  normal  to  the  fracture  lines  OA  and  OB  are  also  equal  to 
the  magnitude  of  P  .  These  compressive  forces  are  considered  to  act 
horizontally  at  all  points.  The  resultant  of  the  compressive  forces  on  the 
tv.  o  fracture  lines  OA  and  OB  is  a  force  PgL  acting  normal  to  edge  AB, 
horizontally,  and  at  a  distance  below  the  undeflected  position  of  wr  / Z ,  the 
average  deflection  of  the  fracture  lines,  as  shown  in  Figure  Bll(c).  There¬ 
fore,  the  moment  about  edge  AB  of  the  horizontal  compressive  force  is  equal 
to  PeLw0/2.  It  is  also  clear  that  the  moment  about  edge  AB  of  the  uniformly 
distributed  moment  M£a  which  acts  on  the  fracture  lines  OA  and  OB  is  equal 
to  M£aL.  Therefore,  for  equilibrium  of  moments  about  AB 

Mfa  =  Pe~2~  ~  4,88  Kqwo  09) 

in  which  Pg  was  evaluated  from  Equation  (12). 

The  total  uniform  moment  along  the  fracture  lines  is 
obtained  by  summing  the  components  defined  in  Equations  (17),  (18)  and 
(19) 


Mj.  =  63. 4  q  -  5.  42  pqh  +  4.  88  pqwQ  (20) 

For  a  coefficient  of  friction,  p,  of  0.05,  Equation  (20) 
takes  the  following  form 

Mf  =  63.4  q  -  0.271  qh  +  0.244  qwQ  (21) 

4.  Prediction  of  Yield  State 


The  pressure  at  initial  yielding  may  be  determined  from 
the  Equation  t  i  t>)  by  setting  the  moment  at  undspan,  MqI  equal  to 

the  yield  moment  for  the  beam  strips,  M  ,  as  determined  in  Section  B3. 
Thus 


My.  =  qy(63. 4  -  0.191  h  +  0.275  wQy)  (22) 

In  addition  to  the  moment,  a  distributed  force  acts  in  the  plane  of  the  slab. 
It  is  assumed  that  this  planar  force  per  unit  width  is  the  average  edge  force 
Pe  given  by  Equation  (12).  With  the  coefficient  of  friction  assumed  equal  to 
0.05,  the  distributed  planar  force  is  given  by  Equation  (23) 

Py  =  0.488  qy  (23) 

Equations  (22)  and  (23)  can  be  solved  simultaneously  with  Equations  (2)  or 
(3),  as  fits  the  case. 
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The  prediction  of  the  pressure  at  yield  may  also  be 
based  upon  the  fracture  line  theory.  In  thi9  case,  the  uniform  moment 
along  the  diagonal  fracture  line,  Mf,  at  yield  is  assumed  to  be  equal  to  the 
yield  moment  for  the  beam  strips,  My.  Thus,  one  obtains  Equation  ( Z 4) 

My  =  qy(63.4  -  0.2?!  h  + 0.244  wQy)  (24) 

In  this  case,  also,  the  distributed  planar  force  is  assumed  to  be  equal  to 
Pe  and,  hence,  is  given  by  Equation  (23).  Thus,  Equations  (23)  and  (24) 
can  be  solved  simultaneously  wi^h  Equations  (2)  or  (3). 


There  is  very  little  difference  between  the  predictions 
of  these  two  theories.  Since  this  investigation  is  more  concerned  with 
determining  the  knee  in  the  pressure-deflection  curve  than  the  exact  point 
at  which  yielding  is  initiated,  Equations  (23)  and  (24)  have  been  adopted  as 
they  are  expected  to  give  a  closer  estimate  than  Equations  (22)  and  (23). 


The  deflection  of  the  deep  slab  at  midspan  at  yielding  is 
assumed  to  be  about  the  same  as  for  a  typical  mid-section  beam  strip  of 
the  slab.  Therefore,  from  the  report  by  de  Paiva  and  Austin*,  the  deflec- 
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expected  to  be  given, 

roughly, 

by  the  following  formula 
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a 
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5.  Prediction  of  Ultimate  State 


The  ultimate  load  point  ordinarily  bounds  the  usable 
strength.  The  pressure -deflection  diagram  beyond  this  point  usually  has 
a  considerable  negative  slope;  the  member  in  this  state  is  not  considered 
to  be  structurally  dependable.  In  some  cases,  however,  the  maximum  load 
may  be  reached  considerably  before  the  load  starts  to  fall  off  rapidly. 
Possibly  a  small  amount  of  spalling  causes  a  premature  small  dip  in  the 
pressure-deflection  diagram.  In  cases  such  as  this,  the  ultimate  load 
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point  is  considered  to  be  the  point  just  before  the  load  starts  to  fall  off 
ra  pidly . 


It  is  believed  that  the  slab  will  fail  by  crushing  of  the 
concrete  in  compression  near  midspan.  The  pressure  coordinate  of  the 
ultimate  load  point  can  be  determined  from  the  fracture  line  theory.  At 
collapse,  the  uniform  moment  along  the  diagonal,  given  by  Equation  (2.1), 
is  expected  to  be  equal  to  the  ultimate  moment  for  the  beam  strips,  Mu, 
as  determined  in  Section  B5.  Hence,  Equation  (26)  can  be  used  to  deter¬ 
mine  the  pressure  at  collapse 

Mu  =  qu(63.4  -  0.  271  h  +  0.244  wQU)  (26a) 

The  planar  compressive  force  at  ultimate  is  given  by  an  expression  similar 
to  Equation  (23) 


Pu  =  0.488  qu  (26b) 

Equations  (26)  can  be  solved  simultaneously  with  Equation  (7)  to  obtain  the 
pressure  at  ultimate,  qu. 

The  deflection  at  ultimate  is  expected  to  be  equal  to  that 
of  a  typical  mid-section  beam  strip.  Therefore,  the  following  formula, 
from  de  Paiva  and  Austin,  is  used  to  estimate  this  value 


w 


ou 


=  P 


€  L 
su 


(1  -  Vd 


(27a) 


and 


p  =  a  -  0.030  (27b) 

in  which  a  is  given  by  Equation  (25). 

6.  Prediction  of  Test  Results 


The  yield  and  ultimate  states  have  been  computed  by  the 
procedure  described  in  Sections  C4  and  C5  for  the  static  test  specimens 
previously  described  and  listed  in  Table  II.  The  results  of  these  computa¬ 
tions  are  given  in  Tables  IV  and  V  and  are  plotted  in  Figures  B12,  B13 
and  B14.  It  should  be  remembered  that  these  results  are  theoretical;  the 
observed  results  were  previously  described. 

In  Figure  B14,  the  pressure  at  yield  and  ultimate  is 
plotted  versus  the  span/depth  for  Specimens  1,  6  and  7,  which  have  the 
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TABLE  IV.  SUMMARY  OF  PREDICTED  AND  OBSERVED  RESULTS 

_ Predicted _  Observed _ _ 

Yield  Ultimate 


Slab 

No. 

9y  ' 

psi 

Wy, 

inches 

%> 

psi 

wu- 

inches 

1 

792 

0.080 

1116 

1.  32 

533 

0.071 

825 

1.82 

3 

1500 

0.086 

1900 

0.99 

4 

788 

0.079 

1085 

1.  15 

5 

512 

0.073 

770 

1.72 

6 

1783 

0.067 

2630 

1.  35 

7 

528 

0.078 

682 

0.84 

9 

610 

0.073 

842 

1.02 

10 

298 

0.067 

434 

1.  18 

11 

875 

0.092 

1290 

2.0 

Yield  Ultimate 


V 

psi 

w  , 

y 

9U* 

wu’ 

Ult  / 

incnes 

_££2_ 

inche  s 

Max 

720 

0.  15 

1000 

0.8 

Max 

U50 

0.17 

850 

1.2 

Max 

1200 

0.23 

- 

Ma  v. 

750 

0.  15 

920 

1.08 

Ult 

450 

0.17 

875 

2.25 

Ult 

1400 

0.  17 

- 

- 

Max 

420 

0.  10 

670 

0.86 

Max 

57  5 

0.  15 

775 

1.0 

Ma  x 

300 

0.  2 

57  5 

2.2 

Ult 

700 

0.19 

Max 
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FIGURE  B 1 2 .  PREDICTED  PRESSURE-DEFLECTION  DIAGRAMS 
FOR  SLABS  WITH  SPAN-DEPTH  RATIOS  OF  4.  LI 
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Z 1 00 


Midspan  Deflection,  inches 


FIGURE  B 1 3  EFFECT  OF  SPAN  - DEPTH  RATIO  ON 
PRESSURE  DIAGRAMS 


same  percentages  of  tensile  and  compressive  reinforcement  but  different 
span/depth  ratios.  The  strength  of  the  slabs  is  seen  to  rise  very  rapidly 
as  the  span/depth  decreases.  In  Figure  B13,  it  may  be  noted  that  the 
deflections  at  ultimate  did  not  decrease  as  the  span/depth  decreased. 
Hence,  the  energy-absorbing  capacity  of  the  deep  slabs,  measured  by  the 
area  under  the  pressure-deflection  curve,  increased  rapidly  as  the  span/ 
depth  decreased. 


In  Figure  B12  are  shown  the  pressure-deflection  cur'-'-s 
for  the  five  specimens  with  span/depth  of  4.22.  It  is  clear  from  this  dia¬ 
gram  that  the  strength  increases  as  the  tensile  reinforcement  increases. 
However,  the  ultimate  deflections  decrease.  Thus,  the  energy-absorbing 
capacity  of  Specimen  3  with  p  =  0.015  is  about  the  same  as  for  Specimen  1, 
with  p  =  0.010.  In  Figure  B12,  it  is  also  clear  that  the  compression  rein¬ 
forcement  is  not  very  helpful  since  the  diagram  for  Specimens  4  and  5  which 
do  not  contain  compression  reinforcement  are  almost  identical  with  the  dia¬ 
grams  for  Specimens  1  and  2  which  are  identical  with  4  and  5,  respectively, 
except  that  they  contain  compression  reinforcement.  It  is  very  questionable 
here  as  to  whether  the  proposed  theory  adequately  accounts  for  the  bene¬ 
ficial  effects  of  compression  steel.  The  deep  beam  series  did  not  give  much 
information  on  the  beneficial  effects  of  compressive  reinforcement.  In  any 
case,  compressive  reinforcement  is  used  mainly  to  provide  for  rebound. 

7 .  Effect  of  Slab  Overhang  and  Loading  Not  on 

the  Whole  Span 

Since  the  uniform  load  is  transmitted  to  the  slab  with  a 
flexible  membrane,  the  loaded  area  is  significantly  less  than  the  area 
enclosed  by  the  clear  spans.  This  reduction  of  loaded  area  is  now  treated 
as  correction  to  the  more  general  case  cf  load  on  the  entire  span  area. 

The  slab  specimen  overhangs  the  clear  span  by  the 
amount  of  the  bearing  width.  This  overhang  provides  some  additional 
strength  that  may  be  significant. 

Both  of  these  corrections  enter  Equation  (10).  Figure  A4 
shows  this  effect.  Equation  (10)  becomes 


For  the  square  specimen,  the  loaded  area  is  36  in.  X  36  in.  ,  the  span  area 
is  39  in.  X  39  in.  ,  and  the  reinforcement  is  effective  over  an  area  43  in. 

X  43  in.  These  dimensions  give 

Mq  --  56.7  q  (29) 


Ilk 


This  correction  has  already  been  included  in  the  pre 
dieted  pressure-deflection  diagrams  shown  in  Figures  7  through  36. 


This  correction  is  not  applicable  to  the  case  where 
pressure  acts  on  the  edges,  Section  C 9. 


8.  Effect  of  Torsional  Restraint  of  the  Bearing  Plates 


Slabs  2,  5,  7  and  4  (first  loading)  were  supported  on 
bearing  plates  welded  at  the  corners,  whereas  all  the  other  slabs  were 
supported  on  plates  free  to  rotate  at  the  corners.  The  torsional  resistance 
of  the  plates  imposes  an  edge  moment  on  the  slab.  This  edge  moment 
has  not  been  considered  in  the  equations  heretofore.  By  equating  the  tor¬ 
sional  rotation  relation  of  a  rectangular  bar  with  the  edge  slope  relation  of 
a  simply-supported  square  slab,  an  expression  for  the  additional  edge 
moment  is  found.  Thus,  for  the  square  slabs,  the  edge  slope  is 


6  =  23. 5  X  10-4  q/h3 
6  =  4.  60  X  10‘6  q  for  8-in.  slabs 


(30) 


and  for  1  in.  X  6  in.  steel  bearing  plates,  39  in.  long,  twisted  0  at  the 
center 


6  =  . -T  1---5 . ;  =  0.471  X10‘6T 

41.4  X  106 

Then,  assuming  the  plate  rotation  and  slab  rotation  are  equal  at  the  center 
of  the  edge 


T  =  9.76  q  =  Mg  for  8-in.  slabs  (31) 

which  is  the  edge  moment  imposed  by  the  torsional  resistance  of  the  bear¬ 
ing  plate  frame. 


The  torsional  moment  acts  on  the  slab  similar  to  the 
frictional  edge  moment,  so  Equation  (31)  is  an  additional  term  in  Equa¬ 
tion  (15).  Therefore,  for  the  8-in.  thick  slabs 


M 


m 


Mo 


0.450  Me  =  4.40  q 

56.7  q  -  3.82  qph  +  5.51  qpwQ  -  4.  40  q 


(32) 


Similarly,  for  the  11-in.  slabs: 
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3.75  q 


Therefore 


Mm  =  0.450  Me  =  1.69  q 


For  p  =  0.05  and  for  8-in.  slabs,  the  moment  equation  becomes  M  =50.2  q 
instead  of  M  =  54.  6  q.  This  is  a  9-percent  increase  in  yield  pressure.  Of 
course,  for  higher  friction  coefficients,  the  percentage  is  higher.  For 
example,  for  p  =  0.2  on  8-in.  slabs 


and 


My  =  48.  1  q  without  the  torsion  moment 
My  =  43.  7  q  with  the  torsion  moment 


which  is  a  10  percent  increase  in  yield  pressure.  For  stiffer  slabs,  the  effect  is 
less.  For  Slab  2  and  M  =  0. 1 ,  My  =  49. 1  q  instead  of  My  =  50.  8  q,  which  is 
only  3-1/2  percent  increase  in  yield  pressure. 


9.  Effect  of  Edge  Pressure 


Cases  may  arise  in  practice  where  the  pressure  acts  on 
the  edges  of  deep  slabs.  Therefore,  the  following  brief  study  has  been  made 
to  determine  the  approximate  effect  of  pressure  on  the  edges. 


The  edge  forces  for  this  case  are  shown  in  Figure  B15. 
The  reaction  is  assumed  to  be  concentrated  at  the  center  of  the  pivot,  as 
before.  The  magnitude  of  the  distributed  reaction  at  midedge  is  that  for 
the  slab  only.  Thus, 


RA  =  17  q 

in  which  q  is  the  applied  pressure  acting  on  the  slab.  The  distributed 
reaction  varies  along  the  edge  roughly  as  a  sine  wave  or  parabola  with 
maximum  value  at  midedge. 


When  the  slab  deforms  under  load,  a  frictional  force  is 
induced  at  the  reaction,  as  shown  in  Figure  B15.  The  distributed  fric¬ 
tional  force  at  midedge  is  equal  to  17  qg,  in  which  (i  is  the  coefficient  of 
friction.  This  causes  the  following  distributed  edge  moment  about  the 
middle  surface  of  the  slab 


Moment  at  Midedge  =  Me  =  -8.5  (iqh 
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FIGURE  B1 5.  ASSUMED  EDGE  FORCES  AT  MIDEDGE  FOR 
SLAB  SUBJECTED  TO  EDGE  PRESSURES 
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in  which  h  is  the  total  depth  of  the  slab.  The  distributed  edge  momen:  also 
varies  along  the  edge  roughly  as  a  sine  wave  or  parabola. 

In  addition  to  the  edge  moment  Me,  a  distributed  edge 
compressive  force  acts  in  the  plane  of  the  slab.  The  edge  compressive 
force  is  caused  by  the  frictional  force  at  the  reactions  and  the  pressure  on 
the  ends.  The  average  value  of  the  compressive  force  due  to  friction  is 
given  by  Equation  (12),  and  the  compressive  force  due  to  the  pressure  is 
equal  to  qh.  Therefore,  the  total  average  compressive  force  Pg  is  given 
by  the  following  equation 

Pg  =  qh  +  9  -  7  5  pq 

The  following  analysis  of  the  behavior  of  the  deep  slabs 
is  based  upon  the  fracture  line  theory,  as  before.  The  uniformly  distri¬ 
buted  moment  across  the  fracture  lines,  M£,  is  composed  of  three  com¬ 
ponents:  namely,  the  moment  due  to  the  lateral  load,  M£qj  the  moment  due 
to  the  edge  moments,  Mfm;  and  the  moment  due  to  the  edge  compressive 
force,  M£a;  as  indicated  in  Equation  (16). 

The  fracture  line  moment  due  to  the  lateral  load, 
is  given  by  Equation  (17)  as  before. 

The  moment  along  the  fracture  lines  due  to  the  edge 
moments,  M£m,  is  given  by  Equation  (18) 

Mfm  =  ^Me  =  -  5.42  pqh 

The  fracture  line  moment  due  to  the  edge  compressive 
force,  Mfa,  is  given  by  the  following  expression  which  is  analogous  to 
Equation  (19) 


w 

Mfa  =  Pe  ~y  =  qwQ(0.  500  h  +  4.88  p) 


The  total  uniform  moment  along  the  fracture  lines  is 
obtained  by  summing  the  three  components.  The  following  expression  is 
obtained  for  p  =  0.05 

Mf  =  q  ^63. 4  -  0.270  h  +'w0  (0.500  h  +  0.244)}  (34) 

The  average  compressive  force  in  the  slab  is  given  by 
the  following  expression  for  p  =  0.05: 
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P£  =  q(h  +  0.488) 


(35) 


The  deflections  at  yield  and  ultimate  are  computed  by 
Equations  (25)  and  (27),  as  before. 

Equations  (34)  and  (35)  are  used  with  Equations  (2),  (3), 
or  (7)  to  obtain  the  desired  solutions,  as  described  previously. 

The  yield  and  ultimate  load  points  have  been  computed 
for  Specimens  1,  6  and  7.  To  illustrate  the  effect  of  edge  pressure,  the 
theoretical  pressure-deflection  diagrams  for  Specimens  1,  6  and  7  are 
shown,  both  for  pressure  acting  on  the  edges  and  for  no  pressure  on  the 
edges,  in  Figure  B16.  It  can  be  seen  that  edge  pressure  raises  substan¬ 
tially  the  pressures  at  yield  and  ultimate  but  decreases  the  ductility  greatly. 
Thus,  for  Specimen  1  with  span/depth  of  4.22,  the  pressure  at  yielding 
is  more  than  doubled,  the  pressure  at  ultimate  is  raised  by  52  percent,  and 
the  midspan  deflections  at  failure  are  decreased  from  1.41  inches  to  0,36 
inch.  It  may  be  noted  that  the  deepest  slab,  Specimen  6,  with  span/deplh 
of  2.94,  fails  before  the  tensile  reinforcement  yields. 

The  proposed  theory  for  slabs  with  edge  pressure  is  con¬ 
siderably  more  of  an  extrapolation  than  the  corresponding  theory  for  slabs 
without  edge  pressure.  Experimental  verification  is  needed  before  this 
theory  can  be  relied  upon.  The  current  series  of  tests  of  slabs  without 
edge  pressure  are  not  suitable  for  this  purpose. 

D.  Rectangular  Slabs  with  Orthotropic  Reinforcements 

The  behavior  of  rectangular  slabs  is  sufficiently  similar  to 
square  slabs  that  only  the  analysis  that  departs  from  the  square  slab 
analysis  will  be  presented  in  this  section. 

The  expected  cracking  pattern  is  shown  in  Figure  B17.  The 
crack  development  is  like  the  square  slabs  described  in  Section  A. 

Heretofore,  the  slab  reinforcement  has  been  a  square  mesh 
with  reinforcement  percentage  the  same  in  both  directions,  or  the  isotropic 
reinforcement.  For  the  rectangular  slabs,  the  reinforcement  percentage 
in  the  long  direction  has  been  reduced  to  half  that  in  the  short  direction 
according  to  the  moment  requirement  for  this  aspect  ratio.  This  orthotropy 
and  the  aspect  ratio  are  treated  in  the  following  analysis. 

1 .  Flexural  Analysis 

The  flexural  analysis  of  rectangular  slabs  with  ortho¬ 
tropic  tensile  and  compressive  reinforcement  is  presented  in  this  section. 
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Pressure,  psi 


FIGURE B16.  PRESSURE-DEFLECTION  DIAGRAM  FOR  SPECIMENS 
1,  6,  AND  7  WITH  AND  WITHOUT  EDGE  PRESSURE 


As  the  edge  conditions  define  the  boundaries  of  the  flexural  action,  they  are 
discussed  first.  Equations  for  predicting  the  pressure  and  deflection  at 
which  the  tensile  reinforcement  yields  and  at  which  the  concrete  crushes 
(ultimate  point)  are  given.  Solutions  to  these  equations  for  the  slab  speci¬ 
mens  to  be  tested  in  this  investigation  are  given  and  are  plotted  as  pre¬ 
dicted  pressure-midspan  deflection  diagrams,  Figures  28,  31,  and  B 19. 

a.  Edge  Conditions 

The  supporting  and  loading  geometry  is  shown 
schematically  in  Figure  A4.  The  slab  reaction  is  carried  through  a  6-inch¬ 
wide  bearing  plate  that  is  free  to  rotate  with  the  slab  about  the  pivot.  The 
uniform  load  (hydrostatic  pressure)  is  transmitted  to  the  slab  by  me.? ns  of  a 
flexible  membrane.  This  loading  technique  prevents  pressure  from  acting 
on  the  slab  edges,  accommodates  slight  variation  in  slab  depth,  and  elimi¬ 
nates  any  concentrated  loads  due  to  fixtures  bearing  on  the  slab.  This  load 
acts  on  an  area  somewhat,  less  than  the  full  slab  area  as  shown  in  Figure  A4; 
therefore,  it  must  be  accounted  for  in  the  analysis.  This  effect,  however,  is 
treated  as  a  correction  to  the  more  typical  case  of  load  on  the  entire  slab. 

At  "midedge,  "  the  center  of  edge  of  the  slab,  the  approximate  reaction,  as 
found  by  Reference  12,  is 


Ra  =  0.49  qL  =  17. 2  q  (long  edge)  (36) 

These  reactions  vary  along  the  edge  with  the  above  values  occurring  at  the 
midedges  and  a  smaller  value  at  the  corners. 

As  the  slab  deflects,  the  slab  in  contact  with  the 
bearing  will  move  outward.  There  will  be  slipping  of  the  slab  relative  to 
the  bearing  plate.  The  friction  generated  develops  edge  compression  and 
moment  even  though  friction  reducing  devices  are  used,  as  shown  in 
Figure  B9.  The  frictional  forces  can  be  evaluated  as  an  equivalent  com¬ 
pressive  force  acting  in  the  mid- plane  of  the  slab  and  a  couple  acting  about 
the  horizontal  axis  at  mid-depth.  At  midedge  these  forces  have  the  following 
values 


Long  Edge  Compressive  Force  =  17.2  qp  (37) 
Long  Edge  Moment  =  8.6  qph  (38) 

where  h  is  the  total  depth  of  the  slab. 

b.  Elastic  Analysis 

The  bending  moments  in  a  rectangular,  orthotropic, 
elastic  slab  which  is  simply  supported  on  the  edges  and  loaded  by  a  uniform 
pressure,  q,  and  the  edge  forces  described  above  are  now  considered.  The 
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maximum  bending  moment  induced  by  the  uniform  load  will  occur  at  mid¬ 
span.  For  the  case  of  an  orthotropic  slab,  the  magnitude  of  this  moment 
is  given  by  Equation  (39)^ 


0 


(39) 


where 


a 


aspect  ratio  of  rectangle 


width 

length 


=  35"/48"  =  0.729 
(3  =  ratio  of  orthotropy  ~ 


yield  moment  in  long  direction 
yield  moment  in  short  direction 


In  this  investigation,  the  rectangular  specimens 
have  been  designed  according  to  the  ACI  Code  and  the  U.  S.  Army  Corps  of 
Engineers'  practice  which  results  in  a  (3  =  i/2.  Equation  (39)  becomes  then 

L2 

Mq  =  q  for  the  long  direction 


M 


14.39 


for  the  short  direction  =  85.3  q 
for  i  =3  5" 


(40) 

The  edge  moments  are  computed  in  the  same  manner  as  for  a  square  slab 
with  appropriate  corrections.  The  complete  derivation  is  described  in 
Section  C2  and  will  not  be  repeated  here.  The  pertinent  resulting  relations 
are  as  follows 


=  0.  58  Mg  =  5.0  qph  midspan  moment 

due  to  friction 
forces  on  the  long 
edge  with  coeffi¬ 
cient  of  friction  p 

(41) 
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M*  =  0.565  V.  the  midspan 

moments  induced  by 

the  interaction  of  the 

edge  compressive 

force  P  with  the* 
e 

deflection  wQ 

(42) 


so 

Pe  =  11.1  qp  (43) 

Therefore,  from  Equation  (42),  Ma  *  6.28  qpwQ.  Total  moment  at 
midspan  is 

M  -  M  +  M  +  M 
o  q  m  a 

or 

M0  =  85.  3  q  -  5.0  qph  +  6.28  qpwQ  (44) 

As  in  the  case  of  square  slabs,  the  uniform  load 
does  not  act  on  the  full  span  width  and  length  as  shown  in  Figure  A4. 
Furthermore,  the  slab  is  larger  than  the  span  by  the  amount  of  the  bearing 
surface.  Both  of  these  effects  increase  the  pressure  at  which  yield  and 
failure  occur.  These  two  effects  are  evaluated  by  appropriate  dimension 
changes  in  the  relations  given  in  Reference  14.  Thus 

R  x  16.2  q 

M0  =  69.0  q  -  4.7  qph  +  5.74  qpwQ  (45) 

a  id 

Pe  *  10.13  qp 
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(46) 


These  are  the  relations  used  to  predict  the  yield  pressure  coordinate  on  the 
load- deflection  curves  for  the  rectangular  specimens  used  in  this  investiga¬ 
tion. 


c.  Plastic  Analysis 

Q 

The  fracture-line  theory  of  Wood  is  applicable  to 
the  plastic  response  of  the  slabs.  The  theory  presented  in  Section  C3  while 
developed  for  square  slabs  is  generally  applicable  to  all  slabs.  The  result¬ 
ing  equation  is 


Mf  =  85.3  q  -  5.47  qph  +  5.  55  qMwou  (47) 

The  effect  of  restricted  load  area  and  slab  overhang  must  also  be  included. 
Equation  (47)  thus  becomes 


Mf  =  69.0  q  -  5.  15  q|xh  +  4.05  qpwQU  (48) 

d.  Prediction  of  Yield  State 


The  yield  pressure  may  be  determined  by  setting 
the  elastic  Equation  (45)  equal  to  the  equation  of  equilibrium,  Equation  (2) 

mv  =  Ci(!-t)+cs(!-*)  +tH)  (49J 

Py  =  Cj  +  Cg  -  T 

in  which  the  values  of  the  compressive  and  tensile  force  resultants,  Cj, 

Cg,  and  T  are  defined  in  Figure  B6. 

All  the  quantities  in  Equation  (49)  can  be  deter¬ 
mined  directly  if  the  depth  of  the  compression  zone,  kd,  is  known.  The 
axial  load  complicates  the  determination  of  the  value  kd;  therefore  a  c- 
cessive  approximation  procedure  is  used.  Values  of  kd  are  assumed  which 
determine  the  values  of  Py,  M  ,  and  e  =  M  /P  .  When  this  ey  approxi¬ 
mately  equals  the  "e"  required  by  the  ratio  of  (Equation  (45) /Equation  (46)]  , 
the  trial  kd  is  correct.  Since 

M0  =  My  =  qy(69.0  -  4.70  ph  +  5.74  pwoy) 

•*-qy  *  My/(69.0  -  4.70  ph  +  5.74  pwoy) 

The  midspan  deflection  of  the  deep  slab  at  yielding 
of  the  tensile  steel  is  assumed  to  be  about  the  same  as  for  a  typical  mid¬ 
section  beam  strip  of  the  slab.  Therefore  from  the  report  by  de  Paiva  and 
Austin*,  the  deflection  at  midspan  is  expected  to  be  as  follows: 
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(50) 


w 


oy 


aeyi2 
(1  -  k)d 


in  which 


e. 


a  =  0.250 

a  =  0.250  -  0.0365  3^ 

a  =  0.104 

Prediction  of  Ultimate  State 


£°r  3 

for  3*t<7 
£or7<<t 


The  ultimate  load  point  of  the  pressure-deflection 
diagram  is  the  upper  bound  of  the  usable  strength  of  the  slab.  The  diagram 
beyond  this  point  usually  has  a  considerable  negative  slope.  The  slab  in 
this  state  is  not  structurally  dependable. 

The  pressure  coordinate  of  the  ultimate  load  point 
can  be  determined  from  the  fracture  line  theory  which  is  Equation  (48).  This 
equation  is  set  equal  to  the  equations  of  equilibrium 

Mu  =  Cj  (h/2  -  0.42a)  +  C2  (h/2  -  g)  +T(d-h/2) 

Pu  =  Cj  +  C2  -  T 


(51) 

Values  for  Mu  and  Pu  were  determined  by  the  successive  approximation 
technique  used  for  the  yield  state.  In  this  technique,  values  of  "a"  are 
assumed  which  give  values  for  Mu  and  Pu,  thus,  eu  =  Mu/Pu  .  When 
eu  =  e  =  [Equation  (48) /Equation  (46)]  ,  then 

Mq  =  Mu  =  qu  (69.0  -  5.  15  ph  +  4.05  pwQU) 


Therefore 


qu  =  Mu/(69. 0  -  5.  1 5  ph  +  4.  05  pwQU) 

Midspan  deflection  at  ultimate  is  expected  to  be 
equal  to  that  of  a  typical  mid-section  beam  strip.  Therefore,  the  formula 
from  de  Paiva  and  Austin*  is  used  to  estimate  deflection  as  follows: 
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(52) 


w 


ou 


=  p 


€su* 


u  -  Vd 


and 


p  =  a  -  0.030 

where  a  is  given  in  Equation  (50). 

2.  Prediction  of  Static  Response  of  Rectangular 

Slab  Specimens 

The  analysis  described  above  is  to  be  experimentally 
evaluated  with  the  loading  and  supporting  technique  indicated.  The  test 
specimens  are  described  in  Table  II.  Specific  predictions  for  those  speci¬ 
mens  are  presented  in  this  section  as  well  as  a  brief  comparison  between 
the  behavior  of  the  square  and  rectangular  specimens. 

a.  Prediction  of  Pressure-Deflection 
Diagram  for  Test  Slabs 

The  yield  and  ultimate  states  have  been  computed 
by  the  procedure  described  in  Sections  Did  and  Die  for  the  rectangular 
static  specimens  listed  in  Table  II.  The  results  of  these  computations  are 
given  in  Tables  IV  and  V  and  plotted  in  Figure  B19.  The  experiments  on  the 
square  slabs  demonstrated  that  the  coefficient  of  friction  between  the  slab 
and  bearing  plate  could  not  be  reduced  to  0.05.  A  realistic  friction  factor 
of  0.  1  has  been  used  to  predict  the  rectangular  slab  behavior. 

b.  Comparison  between  Square  and 
Rectangular  Slabs 

For  comparison  between  the  square  isotropic  slab 
specimens  predicted  in  Section  C6  and  the  rectangular  orthotropic  slab 
specimens  predicted  in  this  section,  Figure  B19  also  contains  the  square 
diagrams.  Specimen  1  is  the  square  companion  to  Specimen  9,  and  Speci¬ 
men  7  is  the  mate  to  Specimen  10,  etc.  Each  pair  has  the  same  depth  and 
contains  the  same  percentage  of  reinforcement.  The  square  span  is  39 
inches,  whereas  the  rectangular  span  is  35  in.  X  48  in.  It  should  be  noted 
that  the  rectangular  slab  is  weaker  primarily  because  it  is  rectangular,  not 
because  it  is  orthotropic.  The  yield  pressure  for  an  isotropic  rectangular 
slab  is  only  2-1/2  percent  greater;  whereas  the  yield  pressure  for  a  square 
orthotropic  slab  with  (3  =  1/2  is  38  percent  greater  than  the  yield  pressure 
of  the  rectangular  orthotropic  slab. 
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E  B 19 .  PREDICTED  PRESSURE- DEFLECTION  DIAGRAMS 
COMPARING  RECTANGULAR.  SQUARE 
AND  CIRCULAR  SPECIMENS 
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E. 


Circular  Slabs 


For  the  circular  slabs,  the  essential  change  in  the  theory 
occurs  in  the  yield  line  analysis  which  is  summarized  in  the  following 
paragraphs.  Figure  B20  shows  the  expected  cracking  pattern,  the 
essential  terms  and  the  radial  wedge  being  analyzed.  The  resultant  load 
on  the  wedge  is  Q  =  0a2q/2,  which  acts  at  the  centroid  of  the  circular 
sector.  The  distance  of  the  centroid  from  the  center  of  the  circle  is 
aa  =  (2a  sin  d /2) /{3d / 2) ,  which  depends  on  the  angle  6.  F jt  small  angles, 
the  sector  approaches  a  triangle.  Therefore 

a  =  2/3 

For  equilibrium  of  moment  on  the  radial  wedge 
McO  +  m cd  s  Q(b  -  2/3 a) 

=  9^a(b  -  2/3a) 
or 

M  +  m  =  q  a . (fo  "  Za^  (53) 

6c 

Equation  (53)  for  the  test  specimen  described  in  Table  II  is 

M  +  m  :  84.  4  q  (54) 

The  edge  conditions  are  the  same  as  the  square  and  rectangular  slabs. 

The  frictional  forces  are 

Pe  =  HR 

R  =|gq  =  10.  55  q 
•  Pe  *  10.  55  qp 

Mc  =  10.  55  qph/2  (55) 

For  circular  slabs,  the  center  moment,  Mm,  due  to  the  edge  moment, 

Me,  is 


Mm  =Me  s  5*28  ^ 


(56) 
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The  interaction  of  the  edge  compression,  Pe,  and  the  deflection,  wG,  is 
expected  to  be  the  same  as  for  square  slabs 


Ma  =  0.565  wQPe 
From  Equation  (55) 

Ma  =  5.97  qpwQ  (57) 

The  total  elastic  moment  at  midspan  is  the  sum  of  the  three  components 
given  in  Equations  (54),  (56)  and  (57) 

Mo  =  84.  4  q  -  5.  28  q^h  +  5.  97  qpwQ  (58) 

The  total  plastic  moment  is  derived  similarly,  using  the  square  slab  edge 
effects,  thus 


=  84. 4  q  -  3.  32  qph  +  5.  27  qpwQ  (59) 

Using  the  deflection  prediction  equations,  the  equilibrium 
equations,  and  the  computation  procedures  from  Sections  C4  and  C5  along 
with  the  dimensions  of  the  specimen  described  above,  the  predicted 
pressure-deflection  diagram  has  been  computed.  The  diagram  is  shown  in 
Figure  34  and  compared  with  the  square  and  rectangular  specimens  on 
Figure  B19  and  Table  V. 

The  bearing  plate  for  the  circular  slab  is  a  complete  ring 
6  in.  X  2  in.  X  54  in.  O.  D.  The  edge  moment  due  to  the  torsional  resist¬ 
ance  of  this  ring  has  not  been  included  in  the  above  analysis.  This  moment 
term  is  expected  to  affect  the  yield  pressure  prediction  only  a  few  percent 
on  such  a  thick  slab  as  it  did  on  the  11 -inch  deep  square  slabs. 
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